Mars Workshop on Amazonian and Present Day Climate : June 18–22, 2018, Lakewood, Colorado by Smith, Isaac B. et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Program 
 
 
 
 
 
 
     
Mars Workshop on Amazonian and 
Present Day Climate 
 
June 18–22, 2018  •  Lakewood, Colorado 
 
 
Organizers 
 
Planetary Science Institute 
NASA Mars Program Office 
Lunar and Planetary Institute  
Universities Space Research Association 
 
 
Conveners 
 
Isaac Smith 
Planetary Science Institute 
 
Serina Diniega 
Jet Propulsion Laboratory, California Institute of Technology 
 
 
Science Organizing Committee 
 
Than Putzig, Planetary Science Institute 
 
Wendy Calvin, University of Nevada, Reno 
 
Timothy N. Titus, USGS Astrogeology Science Center 
 
Joe Levy, Colgate University 
 
Alejandro Soto, Southwest Research Institute 
 
Lori Fenton, SETI Institute 
 
Anya Portyankina, Laboratory for Atmospheric and Space Physics 
 
Paul Hayne, Laboratory for Atmospheric and Space Physics 
 
Briony Horgan, Purdue University 
 
 
 
 
 
 
 
 
 
 
Lunar and Planetary Institute   3600 Bay Area Boulevard   Houston TX 77058-1113 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstracts for this workshop are available via the workshop website at  
https://www.hou.usra.edu/meetings/amazonian2018/  
Abstracts can be cited as  
Author A. B. and Author C. D. (2018) Title of abstract. In Mars Workshop on Amazonian and Present Day 
Climate, Abstract #XXXX. LPI Contribution No. 2086, Lunar and Planetary Institute, Houston. 
 
Guide to Sessions 
 
Sunday, June 17, 2018 
9:00 a.m. Planetary Science Institute Getting to Know Each Other:  Pre-Workshop Social 
Monday, June 18, 2018 
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1:30 p.m. Building 7, 4th Floor Reading the Leaves:  Modeling and Interpreting the Martian Climate:  II 
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Wednesday, June 20, 2018 
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9:00 a.m. Building 7, 4th Floor Things are Moving and Changing:  Present-Day Surface Activity 
10:30 a.m. Building 7, 4th Floor "Polar" Extends Equatorward:  Records of Ice Beyond the Poles 
1:40 p.m. Building 7, 4th Floor Signs of Wet and/or Icy Conditions:  Surface-Volatile Interactions:  I 
3:10 p.m. Building 7, 4th Floor Signs of Wet and/or Icy Conditions:  Surface-Volatile Interactions:  II 
4:10 p.m. Building 7, 4th Floor Keynote Presentation 
6:15 p.m. Local Restaurant TBD Optional Banquet 
Friday, June 22, 2018 
9:00 a.m. Building 7, 4th Floor Looking Forward:  Missions and Measurements of Interest:  I 
10:30 a.m. Building 7, 4th Floor Looking Forward:  Missions and Measurements of Interest:  II 
  
Program 
 
Sunday, June 17, 2018 
GETTING TO KNOW EACH OTHER:  PRE-WORKSHOP SOCIAL 
6:00 p.m.   Planetary Science Institute 
 
6:00 p.m. Ice breaker 
This social event will be held at the Planetary Science Institute (1546 Cole Blvd #120, Lakewood,  
CO 80401). All registrants and their guests are welcome to attend. Refreshments will be served. 
 
  
 Monday, June 18, 2018 
SETTING THE STAGE 
9:00 a.m.   Building 7, 4th Floor 
 
 
Chair: Wendy Calvin 
 
9:00 a.m. Smith I. * 
Welcome and Introduction 
 
9:10 a.m. Smith I. * 
“We’re all Polar Scientists” — A History of Mars Polar Science Plans and Work 
 
9:30 a.m. Diniega S. * 
MEPAG Goals Overview 
 
9:40 a.m. Zurek R. * 
Overview of NASA/MEP Plans and Potential Opportunities 
 
10:00 a.m. DISCUSSION 
 
10:10 a.m. Break 
 
 Monday, June 18, 2018 
READING THE LEAVES:   
MODELING AND INTERPRETING THE MARTIAN CLIMATE:  I 
10:30 a.m.   Building 7, 4th Floor 
 
Chairs: Jonathan Bapst  
 Edgard Rivera-Valentín  
 
10:30 a.m. Kahre M. A.  *   [INVITED] 
Modeling the Amazonian Climate of Mars:  Investigating the Plausibility of a Significant Water Ice 
Cloud Greenhouse 
 
Includes 
 
 Kahre M. A. *   Haberle R. M.   Hollingsworth J. L.   Wilson R. J. 
Could a Significant Water Ice Cloud Greenhouse Have Persisted Throughout Much of 
the Amazonian? [#4032] 
Recent climate modeling studies suggest that water ice clouds could have provided significant 
greenhouse warming during Mars’ recent history. We use a Mars GCM to investigate the processes that 
control clouds and their effects at moderate obliquity. 
 
11:00 a.m. Dupont E. *   Forget F.   Bertrand T.   Millour E.   Vals M.   Spiga A. 
Modeling the Martian Environment at Low Obliquity [#4003] 
To study the changes in the martian environment at low obliquity and in particular map the distribution 
of CO2 glaciers and the collapse of the atmosphere we use a hierarchy of models derived from the LMD 
Mars GlobalClimate Model. 
 
11:20 a.m. Withers P.   Holstein-Rathlou C. * 
Martian Thermal Tides from the Surface to the Atmosphere [#4005] 
Above and below / Are tides same or different? / Soon we just might know. 
 
11:40 a.m. DISCUSSION 
 
12:00 p.m. Lunch 
 
 Monday, June 18, 2018 
READING THE LEAVES:   
MODELING AND INTERPRETING THE MARTIAN CLIMATE:  II 
1:30 p.m.   Building 7, 4th Floor 
 
Chairs: Rachel Slank  
 Timothy Titus  
 
1:30 p.m. Forget F. *   [INVITED] 
Connecting Martian Climate Models and Geologic Records 
 
Includes 
 
 Forget F. * 
The Challenge of Modelling Mars Climate and Glaciers at High Obliquity [#4002] 
I will discuss the challenges of modeling Mars at high obliquity, due to the key role played by water ice 
clouds and the poorly known dust cycle. 
 
2:10 p.m. Bertrand T. *   Kahre M. A.   Wilson R. J.   Kling A. 
Tagging Dust and Water in the NASA Ames Mars GCM:  A New Global Vision of the 
Martian Climate [#4031] 
We implemented in the NASA Ames Mars GCM a numerical method allowing to track the aerosols 
depending of their origin and the processes they have been through. This method provides key insights 
on the enigmas of the present and past martian climates. 
 
2:30 p.m. Meng T. M. *   Petersen E. I.   Holt J. W.   Stuurman C. S.   Levy J. S. 
Searching for Climate Signals in the Internal Structure of Terrestrial and Martian 
Debris-Covered Glaciers [#4028] 
Some rock glaciers on Earth contain distinct internal debris layers that may record climate signals related 
to orbital variation. Our goal is to characterize Amazonian climate cycles by comparing glacier 
morphology and structure on Earth and Mars. 
 
2:50 p.m. Break 
 
 Monday, June 18, 2018 
READING THE LEAVES:   
MODELING AND INTERPRETING THE MARTIAN CLIMATE:  III 
3:10 p.m.   Building 7, 4th Floor 
 
Chairs: Margaret Landis  
 Vincent Chevrier  
 
3:10 p.m. Nerozzi S. *   Holt J. W. 
The Ice and Sand Caps at the North Pole of Mars:  Discovering a “Lost” Record of 
Climate Changes [#4022] 
You won’t believe what scientists found under the north polar cap of Mars! Click on the abstract link 
above to read more, their findings will shock you! 
 
3:30 p.m. Horgan B. *   Sinha P.   Seelos F. 
Volcanic or Impact Sediments within the North Polar Layered Deposits on Mars and Implications for 
Quantitative Climate Records [#4039] 
The NPLD exhibit spectral evidence for glass-rich materials that are consistent with either an impact or 
volcanic origin, and could be used for quantitative geochronology. 
 
3:50 p.m. Fenton L. K. *   Carson H. C.   Michaels T. I. 
Climate Forcing of Bedform Migration and Crest Alignment on Mars:  Where Atmospheric Modeling 
and Morphometry Meet [#4030] 
Ripples testify / that winds were mighty builders. / We know when and why. 
 
4:10 p.m. DISCUSSION 
 
 Monday, June 18, 2018 
POSTER LIGHTNING TALKS 
4:40 p.m.   Building 7, 4th Floor 
 
4:40 p.m. Each poster presenter will have an opportunity to present a 2-minute introduction and may include a 
single slide. 
 
Please submit this one slide via email to Serina Diniega or bring on a USB to the presentation computer 
by the start of the preceding break. 
 
 Tuesday, June 19, 2018 
HEAT AND ICE:  MARS’ POLAR ENERGY BALANCE 
9:00 a.m.   Building 7, 4th Floor 
 
Chairs: Christina Holstein-Rathlou  
 Alicia Rutledge  
 
9:00 a.m. Titus T.  *   [INVITED] 
Mars Polar Energy Balance and the CO2 Cycle 
 
9:30 a.m. Bramson A. M. *   Byrne S.   Bapst J.   Smith I. B. 
The Mass Balance of Mars’ Spiral Troughs [#4023] 
We investigate mass balance scenarios at the polar spiral troughs to generate synthetic trough migration 
paths. By matching our synthetic migration paths with those observed by the SHARAD radar, we will 
constrain timescales of trough migration. 
 
9:50 a.m. Bapst J. *   Byrne S.   Bandfield J. L.   Hayne P. O. 
Thermal Properties of the North Polar Residual Cap [#4026] 
Using TES data we derive thermal properties over the north pole. We explore subsurface changes in 
water ice density at depths our analyses are sensitive to (<5 m). We identify regions of recent 
accumulation as well as regions of recent ablation. 
 
10:10 a.m. BREAK 
 
 Tuesday, June 19, 2018 
EVERYTHING WAS SWEPT UNDER THE RUG:   
MARS’ POLAR CAP STRUCTURE AND AGE 
10:30 a.m.   Building 7, 4th Floor 
 
Chairs: Briony Horgan  
 David Hollibaugh Baker  
 
10:30 a.m. Plaut J. J. * 
Internal Structure of the Martian Polar Plateaus from MARSIS 3D Mapping [#4018] 
We discuss the interpretation of new three-dimensional (3D) radar sounding image compilations of 
MARSIS data for both polar regions. 
 
10:50 a.m. Smith I. B. *   Putzig N. E.   Holt J. W. 
Renewed Analysis of Buried Deep Structures in the Polar Layered Deposits of Mars with 3-D 
SHARAD Volumes [#4024] 
We present new and renewed analysis of deep structures in the polar layered deposits of Mars using 
newly developed 3-D radar volumes. 
 
11:10 a.m. Putzig N. E. *   Smith I. B.   Whitten J. L.   Campbell B. A. 
Assessing Zones of Low Radar Reflectivity Across the South Polar Cap of Mars [#4008] 
A low reflectivity zone (LRZ) atop Australe Mensa was shown previously to contain an extra Martian 
atmosphere’s worth of CO2 ice. We endeavor to characterize the composition of other LRZ at lower 
latitudes using a new SHARAD 3D data volume. 
 
11:30 a.m. Landis M. E. *   Byrne S.   Dundas C. M.   Herkenhoff K. E.   Whitten J. L.   Mayer D. P.   
Daubar I. J.   Plaut J. J. 
Surface Ages of the South Polar Layered Deposits, Mars [#4017] 
We present surface age results from two areas on Promethei Lingula, a region of the south polar deposit, 
based on crater counts. We find that, depending on the crater production function used, the surface 
exposure age could be as young as ~200 kyr. 
 
11:50 a.m. DISCUSSION 
 
12:10 p.m. Lunch 
 
 Tuesday, June 19, 2018 
MARS PLAYS FAVORITES:  DIFFERENCES BETWEEN THE CAPS 
1:40 p.m.   Building 7, 4th Floor 
 
Chairs: Solmaz Adeli  
 Leslie Tamppari  
 
1:40 p.m. Chevrier V. F. *   Fusco M. S.   Farnsworth K.   Knightly J. P.   Yazdani A. 
Time Evolution of Swiss Cheese Terrains in the Martian South Polar Cap [#4029] 
Swiss Cheese Features at various latitudes and longitudes of the Martian South Polar cap are observed to 
uniformly grow over the five martian years sampled, although their growth rate exhibit a complex power 
law suggesting local effects. 
 
2:00 p.m. Kreslavsky M. A. *   Head J. W. 
Carbon Dioxide Layer in the Polar Layered Deposits:  Why on the South and Not on 
the North? [#4037] 
We present a conceptual model that naturally explains why the CO2 layers are present in the SPLD, but 
not in the NPLD: CO2 layers were formed on both PLD at low obliquity ~3Ma ago and then the NPLD 
layers sublimated during 2 extreme obliquity peaks. 
 
2:20 p.m. Hayne P. O. *   Gary-Bicas C. E. 
Asymmetry in the Polar Radiation Budget of Mars Driven by Seasonal Snowfall [#4038] 
We used solar and infrared data to show that there is an asymmetry in the polar radiation budget of Mars, 
which we infer to be driven by seasonal snowfall. 
 
2:40 p.m. DISCUSSION 
 
3:00 p.m. Break 
 
 Tuesday, June 19, 2018 
MARS AMAZONIAN CLIMATE POSTERS 
3:10 p.m.   Building 7, 4th Floor (Poster Area) 
 
01. Steele L. J.   Balme M. R.   Lewis S. R. 
Using a GCM to Track Mars’ Surface Water Ice Deposits Over > 100 Obliquity Cycles from 20 Mya 
to Present [#4014] 
We perform GCM simulations, and integrate the resulting surface water ice deposition and sublimation rates 
over the obliquity cycle, to investigate the stability of surface ice deposits in both clear and dusty atmospheres 
over the past 20 Myr. 
 
02. Vos E.   Schorghofer N.   Aharonson O. 
Sensitivity to Assumed Parameters in the Dynamic and Isotopic Evolution of Mars Ice Reservoirs [#4012] 
We examine the sensitivity of a model that predicts the evolution of Mars ice reservoirs to its assumed 
parameters and make predictions for possible future observations. 
 
03. Hartwick V. L.   Toon O. B. 
Interactions Between the Hydrological and Dust Cycles [#4034] 
The present day martian climate is dominated by seasonal local dust storms that can grow to global scale. We 
investigate the influence of the martian hydrological cycle on dust lifting and advection in a 3D global 
circulation model, MarsCAM-CARMA. 
 
04. Pascuzzo A. C.   Mustard J. F. 
The Quest to Derive the North Polar Layered Deposits’ Compositional and Physical Properties through 
Hapke-Radiative Transfer Modeling of CRISM Hyperspectral Data [#4040] 
The next step in correlating NPLD stratigraphy to polar ice and dust processes. 
 
05. Emmett J. A.   Murphy J. R. 
Formation of the Martian Polar Layered Deposits:  Quantifying Polar Water Ice and Dust Surface Deposition 
During Current and Past Orbital Epochs with the NASA Ames Mars GCM [#4006] 
Annual polar water and dust surface deposition is modeled under various planetary obliquities to investigate 
how the composition of Mars’ polar layered deposits may record aerosol transport and deposition patterns in 
present and past climate epochs. 
 
06. Perry M. R.   Putzig N. E.   Smith I. B.   Foss F. J. II   Campbell B. A. 
Revealing Buried Craters in the Martian Polar Layered Deposits Using Three-Dimensional 
Radar Imaging [#4013] 
We present preliminary results using the 3D SHARAD volumes to identify and measure craters at the base of 
each polar layered deposit (PLD). So far, 21 and 23 potential craters have been identified at the base of the 
NPLD and SPLD, respectively. 
 
07. Becerra P.   Nunes D.   Smith I. B.   Sori M. M.   Brouet Y.   Thomas N. 
Correlation of the Visible and Radar Stratigraphic Records of Mars’ NPLD [#4019] 
A novel approach to the elusive correlation of visible remote sensing data from NPLD bed exposures with 
sub-surface radar data of the internal bedding. This correlation can prove to be the key to understanding the 
climate record of the NPLD. 
 
08. McEwen A. S. 
MRO/HiRISE Observations of Amazonian Mars [#4001] 
HiRISE is a great camera for studying Amazonian Mars, but don’t take it for granted. 
 
  
09. Tober B. S.   Holt J. W.   Grima C.   Levy J. S. 
Subsurface Radar Characterization of Boulder Halos on Mars:  Is Ice the Culprit? [#4036] 
Additional radar reflectivity aimed at comparing surface and near-subsurface structure for regions of varied 
boulder halo density. 
 
10. Tamppari L. K.   Livesey N. L.   Read W. G.   Chattopadhyay G.   Kleinboehl A. 
A Discovery-Class Mars Climate Mission [#4027] 
We need to continue the record of Martian climate started with MGS and MRO observations and add critical 
missing data sets:  Winds & water vapor profiles. This mission could fly in the early 2020s and provide both 
continuity and unique, important data. 
 
 Wednesday, June 20, 2018 
EARTH ANALOGUES AND TIME TO THINK:  FIELD TRIP AND SOCIAL EVENTS 
8:30 a.m.   Park Lot in Front of Venue 
 
8:30 a.m. Field Trip - Start Time 
 The bus will leave from the workshop venue. Lunch will be provided. Participants will visit nearby 
St. Mary’s glacier and other glaciologic landforms in the front range mountains near Denver. 
 Please refer to the website or discussion presented at workshop for final field trip plans and schedule. 
 
3:00 p.m. Field Trip - End (Tentative) 
 
5:00 p.m. Optional Social Events 
 Please refer to the website or discussion presented at workshop for final field trip plans and schedule. 
Participants will need to make their own arrangements. 
 
 Thursday, June 21, 2018 
THINGS ARE MOVING AND CHANGING:  PRESENT-DAY SURFACE ACTIVITY 
9:00 a.m.   Building 7, 4th Floor 
 
Chairs: Stefano Nerozzi  
 Alfred McEwen  
 
9:00 a.m. Diniega S. *   Widmer J. M.   Hansen C. J.   Portyankina G. 
Present-Day (and Amazonian) Frost-Driven Geomorphic Changes on Martian Sandy Slopes [#4011] 
Gullies, spiders, troughs… / Frost and sand carve the surface / Reflecting climate. 
 
9:30 a.m. Widmer J. M. *   Diniega S. 
Investigating Seasonal Frost in Lyot Crater, Mars [#4025] 
Alcove driver test / Mid lat craters are the key / But where is the frost? 
 
9:50 a.m. Herkenhoff K. E. *   Byrne S.   Sutton S. S. 
HiRISE Observations of Recent Phenomena on the North Polar Layered Deposits, Mars [#4021] 
Here we summarize analyses of the north polar data, focusing on active and recent processes including 
evolution of steep scarps, bright and dark crossing streaks, the north polar residual cap, and small pits on 
the north polar layered deposits. 
 
10:10 a.m. Break 
 
 Thursday, June 21, 2018 
“POLAR” EXTENDS EQUATORWARD:  RECORDS OF ICE BEYOND THE POLES 
10:30 a.m.   Building 7, 4th Floor 
 
Chairs: Ali Bramson  
 Jeffrey Plaut  
 
10:30 a.m. Cook C. W. *   Brmson A. M.   Byrne S.   Viola D.   Holt J. W.    
Christoffersen M. S.   Dundas C. M. 
Searching for Subsurface Ice in Hellas Planitia Using SHARAD [#4041] 
The presence and nature of subsurface ice in the mid-latitudes of Mars has implications for the planet’s 
climate history. 
 
10:50 a.m. Knightly J. P. *   Clarke J. D. A.   Rupert S.   Chevrier V. F. 
Morphology and In-Situ Measurements of Patterned Ground in the Haughton Impact Structure and 
Implications for Mars [#4020] 
Patterned ground on Mars / Was it once wet or active? / Arctic ground informs. 
 
11:10 a.m. Adeli S. *   Hauber E.   Michael G.   Fawdon P.   Smith I. B.   Jaumann R. 
Geomorphological Evidence of Local Presence of Ice-Rich Deposits in Terra Cimmeria, Mars [#4010] 
We report the presence of several ice-rich deposits on the floor of a fluvial valley in Terra Cimmeria. 
These Valley Fill Deposits (VFD) are local evidence of episodic and multi-event ice emplacement in the 
midlatitudes of Mars during late Amazonian. 
 
11:30 a.m. Baker D. M. H. * 
Middle Amazonian Accumulations of Ice-Rich Dust in the Mid-Latitudes of Mars [#4035] 
We assess the thickness and relative timing of ice-rich mantle units deposited in the Middle Amazonian 
of Mars. 
 
11:50 a.m. DISCUSSION 
 
12:10 p.m. Lunch 
 
 Thursday, June 21, 2018 
SIGNS OF WET AND/OR ICY CONDITIONS:  SURFACE-VOLATILE INTERACTIONS:  I 
1:40 p.m.   Building 7, 4th Floor 
 
Chairs: Tyler Meng  
 Francois Forget  
 
1:40 p.m. Horgan B.  *   [INVITED] 
Amazonian Chemical Weathering from Observations and Lab Experiments 
 
2:10 p.m. Rutledge A. M. *   Horgan B.   Havig J. R.   Rampe E. B.   Scudder N. A.   Hamilton T. L. 
Glacial Alteration as a Source of Amorphous Silica on Amazonian Mars [#4009] 
Glacial meltwater-driven silica dissolution and precipitation on mafic volcanic bedrock is more 
important than previously thought for understanding Mars-relevant processes, especially in the northern 
polar region. 
 
2:30 p.m. Rivera-Valentín E. G. *   Chevrier V. F.   Gough R. V.   Primm K. M.   Martínez G. M.   
Tolbert M. 
Atmosphere-Regolith Interactions with a Salty Martian Regolith:  The Role of Hydration and 
Deliquescence on the Martian Water Cycle [#4015] 
Perchlorate salts have now been identified as a component of the martian regolith both in-situ and 
remotely. Here we explore their role in the diurnal, near-surface water cycle, specifically through 
deliquescence and hydrate formation. 
 
2:50 p.m. Break 
 
 Thursday, June 21, 2018 
SIGNS OF WET AND/OR ICY CONDITIONS:  SURFACE-VOLATILE INTERACTIONS:  II 
3:10 p.m.   Building 7, 4th Floor 
 
Chairs: Lori Fenton  
 Nathaniel Putzig  
 
3:10 p.m. Slank R. A. *   Chevrier V. F. 
Experimental Simulation of Deliquescence and Implications for Brine Formation at the 
Martian Surface [#4033] 
Experiments under Martian like conditions to analyze deliquescence with different amounts of calcium 
perchlorate salt. 
 
3:30 p.m. Moores J. E. *   Gough R.   Martinez G.   Meslin P.-Y.   Smith C. L.   Atreya S.   Mahaffy P.   
Newman C.   Webster C. 
The Methane Seasonal Cycle at Gale Crater, Mars Suggests 
Adsorption-Mediated Microseepage [#4007] 
A numerical model of methane microseepage, adsorption and diffusion is found to provide an 
explanation for the seasonal cycle detected by the MSL SAM-TLS instrument and described by Webster 
et al. (2017-AGUFM). 
 
3:50 p.m. DISCUSSION 
 
 Thursday, June 21, 2018 
KEYNOTE PRESENTATION 
4:10 p.m.   Building 7, 4th Floor 
 
4:10 p.m. Jakosky B. * 
The History of Water on Mars — Connecting Recent and Ancient Behavior 
 
Bruce Jakosky is a Professor in the Laboratory for Atmospheric and Space 
Physics and the Dept. of Geological Sciences at the University of Colorado 
in Boulder, and is Associate Director for Science at LASP.  His research 
interests are in the geology of planetary surfaces, interactions of Mars with 
the Sun and solar wind, the evolution of the Martian atmosphere and 
climate, the potential for life on Mars and elsewhere, and the philosophical 
and societal issues in astrobiology.  He headed the University of 
Colorado’s team in the NASA Astrobiology Institute for more than ten 
years, and is the Principal Investigator of the Mars Atmosphere and Volatile 
Evolution (MAVEN) mission to Mars currently operating in orbit at Mars. 
 
 
 
(OPTIONAL) BANQUET 
6:15 p.m.   Restaurant TBD 
 
6:30 p.m. Banquet – Start 
We suggest you purchase banquet tickets for you and your guests at the time of registration. (All 
workshop participants and their guests are welcome.) 
Tickets will be sold at the workshop only if space permits.  
Please refer to the discussion presented at workshop for final banquet plans and schedule. 
 Friday, June 22, 2018 
LOOKING FORWARD:  MISSIONS AND MEASUREMENTS OF INTEREST:  I 
9:00 a.m.   Building 7, 4th Floor 
 
Chairs: John Moores  
 Paul Hayne  
 
9:00 a.m. Smith I. * 
Introduction 
 
9:10 a.m. Titus T. N. *   Brown A. J.   Byrne S.   Colaprete A.   Prettyman T. H. 
Mars Volatile Mission Concept:  Mars Ice Condensation and Density Orbiter [#4016] 
This abstract focuses on polar processes and describes a set of investigations that are crucial to fully 
illuminate the exchange of volatiles between the surface and the atmosphere. 
 
9:30 a.m. Holstein-Rathlou C. *   Thomas P. E.   Merrison J.   Iversen J. J. 
Wind Turbine Power Production Under Current Martian Atmospheric Conditions [#4004] 
Small, light, wind turbine / First time in Mars atmosphere! / How much power gives? 
 
9:50 a.m. ENGINEERING-FOCUSED INFORMATION/DISCUSSION 
 
10:10 a.m. Break 
 
 Friday, June 22, 2018 
LOOKING FORWARD:  MISSIONS AND MEASUREMENTS OF INTEREST:  II 
10:30 a.m.   Building 7, 4th Floor 
 
Chairs: Serina Diniega  
 Isaac Smith  
 
10:30 a.m. DISCUSSION:  MISSION IDEAS AND HOW TO DEVELOP THEM 
 
11:00 a.m. DISCUSSION:  STUDIES AND MEASUREMENTS NEEDED NOW 
 
11:30 a.m. WRAP UP 
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Introduction: Global circulation models suggest 
that obliquity oscillations caused the mobilization of 
ice from polar regions and its re-deposition at lower 
latitudes [1, 2]. They show that during high obliquity 
periods, ice can be deposited almost anywhere in the 
mid-latitudes and during low obliquity ice is transport-
ed back to the poles [2-4]. Although the obliquity vari-
ations are not predictable for periods more than 20 Ma 
ago [6], it is likely that the surface of Mars, during 
Amazonian, has repeatedly undergone such climate 
changes leading to deposition and sublima-
tion/evaporation of ice-rich material [e.g., 3, 6, 7]. 
Evidence of shallow ground ice has been widely ob-
served in the north and south mid-latitude regions of 
Mars such as: geomorphological evidence of debris-
covered glaciers [e.g., 8, 9] and SHARAD observation 
[e.g., 10] of ~70 m thick ice deposits. This study de-
scribes well-preserved glacial-like deposits in Terra 
Cimmeria, which are defined here as valley fill depos-
its (VFD) (Fig. 1-a). They are located on the floor of a 
valley system which bears a record of Amazonian-aged 
fluvial and glacial processes [11].  
Morphological characteristics: Several deposits 
on the flat floors of S-N trending valleys south of Ari-
adnes Colles (34°S, 172°E) are characterized by (1) 
widths and lengths of a few kilometers, (2) convex-
upward surface topography (Fig.1-b), and (3) pits and 
crevasses on their surfaces. These valley fill deposit 
(VFD) are located a few tens of kilometres east of the 
Tarq impact crater. Several of the VFDs are situated 
within the visible ejecta blanket of the Tarq Crater 
(Fig.1-a). The crater ejecta are observable on the sur-
face and surrounding area of those VFDs. The VFDs 
have individual surface areas of a few km2 to a few 
tens of km2 (Fig1-b). In some cases they are located in 
the centre of the valley floor, whereas in other cases 
they cover the entire width of the host valley, indicat-
ing their post-valley formation. The valley width could 
reach up to a few kilometres, in some areas. Using a 
HiRISE DEM, we observed that the VFD in the thick-
est part has a thickness of ~30 meters. The latitude 
dependent mantle (LDM) is also partly covering the 
VFD, and the surface of the VFD is outcropped where 
the LDM has been degraded or sublimated. 
The surface of VFD shows only few impact craters, 
with diameters equal or smaller than ~700 m. Craters 
larger than 70 m are mostly degraded, their rims show 
almost no positive relief (at CTX resolution) and they 
have flat floors. Smaller modified craters have been 
observed, but there are also a few small fresh impact 
craters (smaller than 70 m in diameter) which do not 
show any modification of their rims and walls. On the 
surface of several VFD, we observe some craters a few 
hundred meters in diameter, that are bowl-shaped and 
rimless, with a flat floor. They have very similar char-
acteristics to impact craters on LDA and LVF surfaces 
in mid-latitudes, which are termed ring-mold craters by 
[12] and are thought to be a result of impacts into shal-
low buried ice.  
Where higher resolution data are available, we can 
observe linear features, cracks, and crevasses (lateral 
b) 
Fig. 1: a) An overview of the study area. The solid blue line 
represents the VFD locations. The dashed white line shows 
the Tarq Crater ejecta blanket. b) Zoom to one of the VFD, 
on the floor of a fluvial valley. c) Absolute model age corre-
sponding to the ejecta blanket of Tarq crater. μ is a function 
representing the uncertainty of calibration of the chronology 
model [5]. 
a) 
b
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and transverse) on surface of VFD. Transverse cre-
vasses may indicate tensile stress caused by viscous 
flow of the deposit. In several cases, in front of the 
VFD margins, there is a zone up to 3 km of length, 
where the valley floors are rougher than further down 
the valley. We interpret this rough zone to correspond 
to sediment accumulation similar to moraine-like ma-
terial in front of a glacier that moves down the valley. 
At the contact between the VFD and the valley walls, 
we observe several sublimation pits a few tens of me-
ters wide and aligned along a preferential direction on 
the border of the VFD. 
Absolute model age estimation: In order to under-
stand the absolute model age (crater retention age) of 
the VFD, we analysed crater size-frequency distribu-
tions (CSFD) on CTX and HiRISE (where available) 
images using the method described in [5]. The data are 
plotted as a differential presentation of CSFD. It 
should be noted here that there are uncertainties to 
derive a confident absolute model age of these depos-
its, which correspond to the small area and small num-
ber of craters on VFD, in addition to the resurfacing 
phase(s) having most likely modified the few craters 
morphology and visible dimensions. 
We suggest that the model age of the VFD surface 
is ~µ25 (±10) Ma, which corresponds to late Amazoni-
an (the µ factor is a function representing the uncer-
tainty of calibration of the chronology model [5]). The 
resurfacing event has roughly a recent age of ~µ3.4 
(+2/-1) Ma and corresponds to late emplacement(s) of 
a thin layer of dust, airfall, and/or ice-rich material 
(e.g., LDM) covering the VFD. 
In addition to the VFD, we also measured the 
CSFD on the ejecta blanket of Tarq crater, using a 
mosaic of CTX images. The result shows a model age 
of ~µ410 (±60) Ma for the impact crater (Fig.1-c), 
which corresponds to the end of the middle Amazonian 
(epoch boundaries from [13]), and a model age of 
~µ3.6 (+0.1/-0.4) Ga for the base age.  
Discussion: The VFD have been observed on the 
floor of a valley system with traces of early to middle 
Amazonian fluvial activities [11] and our observations 
point to a post-valley formation for the VFD. The VFD 
is characterized by a convex-upward shape, transverse 
crevasses, sublimation pits, and association with mo-
raine-like deposits. These characteristics, together with 
evidence of ring-mold craters, suggest that VFDs are 
ice-rich deposits with a thickness of a few tens of me-
ters. The VFD was later partly covered by LDM, 
which shows evidence of degradation, such as retreat-
ing boarders, sublimation pits, and scalloped surface. 
Our geomorphological observation suggests a link 
between the ejecta blanket of Tarq crater and the VFD 
distribution. It is, however, unclear whether the VFD 
formed 1) prior to the impact event, 2) contemporary 
to the impact, or 3) posterior to the impact and re-
placement of the ejecta blanket. In the 1st case, the 
emplacement of the ejecta blanket on a widespread ice 
layer would result in ice melt and mobilization into the 
valley. This case explains the VFD distribution but not 
the VFD model age. In the 2nd case, the impact event 
may have occurred in ice-rich strata, which, subse-
quently, may have distributed a mixture of ejected 
material and ice, in other words, icy ejecta in the sur-
rounding area. The ejected material which were depos-
ited on the valley floor have been preserved by the 
valley wall and therefore agrees with our interpreta-
tion. This case justifies the VFD distribution, our geo-
morphological observation, and younger model age 
than the ejecta blanket. In the 3rd case the VFD deposi-
tion may have taken place long after the Tarq impact 
event. This case is in agreement with our model age, 
but does not fully support our observation. Therefore, 
the 2nd scenario of impact into icy strata resulting in ice 
distribution in the area, and ice deposits been preserved 
by the valley wall fits our geomorphological interpreta-
tions. 
We conclude that the glaciation and deposition of 
VFD, regardless of the formation mechanism, should 
have taken place under different climatic conditions in 
the past, and that the presence of ice-rich VFD is a 
local evidence of an episodic and multi-event process 
of ice emplacement in the mid-latitude regions of Mars 
during the Amazonian period. 
Future work: Our next step is to look at the 
SHARAD radargrams of the VFD, aiming to observe  
presence or lack of subsurface reflection. It should be 
noted here that the VFD covers a relatively small area 
which may not be in favor of a clear SHARAD obser-
vation. Additionally, the VFD location on the valley 
floor may as well cause topographical obstacle in a 
radargram. 
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Introduction:  The mid-latitudes of Mars are host 
to landforms (lobate debris aprons, lineated valley fill, 
and concentric crater fill) interpreted to be debris-
covered glaciers (designated “DCGs” herein) based on 
morphology and radar sounding properties [e.g., 1,2]. 
These are massive (100s-m thick), nearly pure ice res-
ervoirs that are part of a continuum of ice-rich land-
forms that were formed during the Amazonian Epoch. 
Understanding the relationship in timing and ice vol-
umes between DCGs and other ice-rich landforms, is 
important for understanding the past climate and obliq-
uity history of the planet, including the presence and 
migration of water ice across all latitudes [3]. Here, I 
present evidence for accumulations of multiple thick 
(tens of meters) ice-rich dust units, or “mantle,” occur-
ring in the Middle Amazonian between the end of the 
main DCG-forming phase ~500 Ma and more recent 
latitude-dependent mantle deposits emplaced <5 Ma 
[3-6]. My study area is Deuteronilus Mensae (36-
48.5ºN, 13-36ºE) a region with a high density of 
DCGs. Using a CTX image mosaic, I mapped all 
DCGs, analyzed their surface characteristics, and 
mapped the diameters and morphology of >16,000 
impact craters >125 m in diameter within the mapped 
unit. HiRISE images and DTMs produced using the 
Ames Stereo Pipeline [7] were used for detailed mor-
phologic analyses of surface materials, including man-
tle units. 
Evidence for Thick Mantle Units: While the 
DCGs consist of nearly pure ice at depth, they are cov-
ered by sediment that inhibits their sublimation and 
records their history of flow. Most of the flow struc-
ture, including flow ridges, is interpreted to be within 
boulder-rich sediment originating as rockfall from the 
glacier headwalls that was glacially transported 
downslope. Similar to medial moraines on Earth, expo-
sures of this rockfall material form bands of low albe-
do, high thermal inertia (THEMIS data), and high con-
centration of boulders >1 m (HiRISE data) that extend 
from the headwalls to the termini of the DCGs.  
Superposed on this layer of rockfall are thick de-
posits of ice-rich dust, or “mantle”. Post-emplacement 
fracturing of this mantle controlled by the underlying 
flow ridges is hypothesized to form inherited topogra-
phy that mimics the flow structure at depth [8]. Multi-
ple lines of evidence support an ice and dust-rich com-
position for this mantle and thicknesses of tens of me-
ters. Baker and Head [9] mapped a 50-100 m thick 
mantle unit that extends from the plains and onlaps the 
adjacent DCGs. Remnant patches of mantle up to ~10 
m thick are preserved on DCGs that are raised above 
the surrounding textures (likely older mantle) and show 
fine-scale layering (Fig. 1), indicating cyclic build-up 
of the mantle units. These patches are also found in the 
adjacent plains (Fig. 1). Also, well-preserved impact 
craters ~75 m to 1 km in diameter that formed into the 
DCGs lack ejecta blankets and have walls that general-
ly lack boulders, suggesting that fine-grained and/or 
ice-rich material extends to depths of tens of meters. 
Up to seven different modified crater types occur 
within DCGs that have unique interior landforms that 
are interpreted to be formed from the emplacement and 
degradation of at least two major mantle deposits. 
These craters show clear degradation sequences be-
tween each other and their spatial densities are corre-
lated with DCG texture development and latitude. In 
Figure 1. Remnant patches of 
mantle (arrows) on both the 
terminus of a debris-covered 
glacier and adjacent plains and 
craters. The mantle shows fine-
scaled layering, implying cyclic 
deposition. Portion of HiRISE 
image ESP_018515_2225. 
glacier 
plains 
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the center of one modified crater (Fig. 2), a circular 
plateau of mantle is preserved, exhibiting at least three 
layers ~5-m thick and extending ~20 m above the 
crater floor and ~10 m above the rim. Surrounding 
ripples imply active erosion of a previously more wide-
spread unit. 
Flow lineations also cross-cut some modified cra-
ters that maintain their circular shapes. These craters 
are interpreted to have formed after glacial flow had 
ceased to maintain their circular planform and must 
have formed completely within mantle to preserve flow 
structure at depth. As such, the original depths of these 
craters, estimated from their expected depth/diameter 
ratios, imply that the original thickness of the mantle 
must have been up to ~75 m. Subsequent deflation 
though sublimation of ice and erosion has reduced this 
thickness to 10-20 m. 
Timing of Emplacement: All crater types >350 m 
(N=1,323) on 166,035 km2 of DCG yield a crater re-
tention age of ~400 Ma using the production function 
from [10]. Due to surface modification by the mantle, 
this age is a very minimum bound on the age of the 
DCG and a likely minimum age of the oldest mantle 
unit. This age is consistent with the ~500 Ma age of 
mantle preserved within the plains in the study area [9] 
and falls within the 100-710 Ma age estimate for the 
global population of DCGs [11].  
All bowl-shaped craters give a retention age of 100 
Ma, which I interpret as an estimate of the end of the 
youngest thick mantle deposit. Thinner latitude de-
pendent mantle deposits in the study area are likely <5 
Ma based on dates of similar units in the mid-latitudes 
[e.g., 6]. 
Relationship with Other Mid-Latitude Mantle 
Deposits: This work suggests a transition from sub-
stantial accumulations of relatively pure glacier-
forming ice to mantle-forming accumulations of dust 
and ice in the Middle Amazonian around ~500 Ma. 
These thick accumulations of ice-rich dust are distinct-
ly older and thicker than the most recent latitude de-
pendent mantle that is estimated to have been deposited 
in the past ~5 Ma [3-6]. The thicknesses, widespread 
nature, and timing of mantle units in Deuteronilus 
Mensae are similar to the mantle layers needed to form 
mid-latitude pedestal craters [12], suggesting a similar 
origin. Kadish et al. [12] estimate that the pedestal-
forming mantle layers were emplaced on at least a 15 
Myr frequency and between 50-250 Ma.  
Sources of Water Ice: Global Circulation Model 
results [13] show that an equatorial water source such 
as the Tropical Mountain Glaciers (TMGs) at the Thar-
sis Montes [e.g., 14] is needed to form the mid-latitude 
glacial deposits upon return from high (~45º) obliquity 
to more moderate (25-35º) obliquity. The timing of 
DCG emplacement suggests that this water source must 
have been present during and prior to ~500-700 Ma. 
Recent dating of the TMGs [14] brackets their age be-
tween ~125-725 Ma. This age range overlaps with both 
DCG and Middle Amazonian mantle formation, imply-
ing that the TMGs could have served as a source for 
both types of deposits. A waning ice supply from the 
TMGs or changes in orbital forcing that affected ice 
migration to the mid-latitudes could explain the transi-
tion from accumulations of pure ice to more limited 
dust-rich accumulations around 500 Ma. 
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Figure 2. Modified crater formed within a debris-
covered crater with a remnant plateau of mantle in its 
interior. Top is a HiRISE image (ESP_016168_2180) 
showing the location of the topographic profile given in 
the bottom panel. The mantle is ~20 m thick from the 
crater floor to its highest point. Elevations are from a 
HiRISE DTM produced from stereo pairs 
ESP_016168_2180 and ESP_024594_2180. 
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Introduction:  The polar regions of Mars host Polar 
Layered Deposits (e.g., NPLD for the north), which are 
layered sequences of water ice with varying degrees of 
dust, up to 3 km in thickness [1]. The spatial extent of 
the NPLD is substantial, extending equatorward from 
the pole to roughly 80ºN, at all longitudes. Both PLDs 
are thought to have formed over the recent geologic past 
(~106-108 yr; [2-6]), where climate change is expected 
to be driven by changes in orbital elements [7]. 
The northern residual cap (NRC) spans a large frac-
tion of the NPLD extent. The NRC is composed of water 
ice and is on the order of meters thick [1,8]. Several 
studies have analyzed NRC albedo, composition and 
morphology; yet comparably few have addressed its 
thermophysical state (e.g., [9]) and none have addressed 
how its properties change with depth.  
Our focus is the physical nature of the NRC, or what 
we consider the most-recent and potentially-active layer 
of the NPLD. We investigate how relevant properties 
(e.g., density, albedo) vary, both laterally, and vertically 
into the subsurface. The NRC interacts strongly with the 
current climate, e.g., supplying almost all atmospheric 
water vapor in summer [10]. Past residual ice caps (now 
layers within the NPLD) were also strongly influenced 
by the climate at that time. Thus, understanding the ther-
mal properties of the NRC can inform us on the link be-
tween climate and polar geology. 
Methods:  Constraining the thermophysical proper-
ties of the NRC is achieved using observed temperatures 
and a number of thermal model simulations (sensitive to 
<5 m). Many studies have used observed temperatures 
and thermal modeling to derive depth-dependent prop-
erties [11-17]. Here use derived temperatures acquired 
by the Thermal Emission Spectrometer (TES) aboard 
Mars Global Surveyor (MGS). MGS was operational 
over four Mars Years (MY), specifically MY24-28. 
MGS’s primary science orbit was inclined approxi-
mately 93°, which resulted in high data density near the 
poles, useful for polar science observations. It also re-
sulted in a region of low-to-zero data density poleward 
of 87°N. Queried data are separated into 10´10 km bins 
for fitting. All available TES bolometer temperatures 
were used that did not share a ‘bad’ nadir opacity rating 
[18]. We ignored bins with less <100 observations. Al-
most all bins are above this threshold, and many near 
the pole have >1000 observations per bin.  
Best-fit properties are determined by calculating a 
reduced-c2 statistic between the observed and model 
temperatures [19]. All observations within a single bin 
are fit simultaneously but are restricted by a prescribed 
seasonal window (here LS=90-270º). Including periods 
affected by seasonal frosts, particularly the springtime 
data, can result in erroneous derivations. 
 Depth-density Relationships:  How the density of 
ice varies with depth reflects key conditions (e.g., accu-
mulation rates), and thus aids in understanding how cli-
mate affects polar stratigraphy. Predicted depth-density 
profiles are especially sensitive to accumulation rates 
[20]. In addition to a homogeneous case (constant prop-
erties with depth), we explore three relationships of 
depth versus density to compare the near-surface struc-
ture of the NRC with predicted profiles of accumulating 
ice on Mars. These include abrupt changes in density 
(e.g., an ice table), as well as exponentially- and line-
arly-increasing ice density with depth. The range of 
these properties is shown in Table 1. For depth-depend-
ent cases the value of ‘Porosity’ represents the porosity 
at the surface, as this value varies with depth. 
 
Results:  Because our model is built to retrieve ther-
mal properties of water ice of varying porosity, our re-
sults over regolith-covered surfaces will be ignored. For 
clarity, bins with derived thermal inertia (TI) <800 J m-
2 K-1 s-1/2 and derived albedo <0.45 are masked, with the 
exception of derived albedo maps. 
Table 1. Lookup Table Elements 
Model Parameter Range 
Latitude 70–90° in 0.5° increments 
Albedo 
0.1–0.3 in 0.05 increments 
0.3–0.6 in 0.025 increments 
Porosity 
0–0.95 in 0.05 increments 
(equivalent to thermal inertia range of 
~50–2200 J m-2 K-1 s-1/2) 
Abrupt Change to 
Zero-Porosity Ice 
Depth to pure ice of 0.01, 0.025, 0.05, 0.1, 
0.2, 0.3, 0.4 ,0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5, 
2, 2.5, 3, 3.5, 4, and 5 m 
Exponentially De-
creasing Porosity 
e-folding depths of 0.05, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.25, 1.5, 2, 2.5, 
3, 3.5, 4, 4.5, and 5 m 
Linearly Decreas-
ing Porosity 
Porosity gradient of 0.01, 0.02, 0.03, 0.04, 
0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.2, 0.3, 
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, and 2 m-1 
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For the homogeneous case, derived TI is relatively 
high (≥1000 J m-2 K-1 s-1/2) across the NRC and its outli-
ers (Fig. 1). Derived albedo of the NRC is consistent 
with the pattern of observed albedo across the NRC [18] 
but differs substantially in absolute value (derived al-
bedo being 0.1–0.2 higher). 
 
 
Figure 1. Derived albedo and TI for the north polar region of Mars 
above 70ºN for the depth-homogeneous case. 
 
Cases including depth-dependent properties agree 
well with one another, thus we display results for only 
the abrupt case (Fig. 2). With this additional dimension, 
we find that the surface TI over much of the NRC ex-
hibits lower values compared to the homogeneous case 
(600–800 J m-2 K-1 s-1/2), albeit increasing with depth. 
Along the boundary of the NRC, adjacent to the sur-
rounding regolith, we observe increased TI that varies 
in width from 10–100 km. It is characterized by lower 
albedo and higher surface TI (≥1000 J m-2 K-1 s-1/2). We 
also observe enhanced TI surrounding the Chasma Bo-
realis region and extending poleward. Greater depths to 
zero-porosity ice are derived where heightened surface 
TI is observed, suggesting a more-homogeneous sub-
surface compared to those with transition depths <1 m. 
In some cases, the reduced-c2 statistic derived for the 
abrupt case is large (i.e., worse) than the homogeneous 
case (see Fig. 2), implying homogeneity. 
Conclusions:  Using observed temperatures from 
TES, we investigated the thermophysical properties of 
the uppermost NPLD layer, the NRC. Depth-dependent 
models of ice density provide higher quality fits to the 
data, and so we favor this structure for the vast majority 
of the NRC (i.e., widespread, coherent layering in the 
near-subsurface <1 m). This relatively-porous water-ice 
layer could reflect accumulation from a recent epoch 
that has not densified fully. 
Introducing subsurface layering did not improve the 
fit over much of the NRC perimeter, as well as the re-
gions of Chasma Borealis and Olympia Planum. Results 
in these locations suggest denser, lower-albedo ice at the 
surface and a more-homogeneous subsurface. We inter-
pret this as evidence of recent ablation, where older, and 
therefore denser ice, is being exhumed. 
 
 
 
 
Figure 2. Abrupt case results including (top row) Best-fit albedo and 
surface TI and (bottom row) Depth-dependence and comparison of the 
reduced-c2 statistic to the homogeneous case (e.g., blue indicates im-
proved fit for the depth-dependent models).  
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CORRELATION OF THE VISIBLE AND RADAR STRATIGRAPHIC RECORDS OF MARS’ NPLD  
P. Becerra1, D. Nunes2, I. Smith3, M.M. Sori4, Y. Brouet1, N. Thomas1; 1Physikalisches Institut, Universität Bern, Switzerland, 
2Jet Propulsion Laboratory, Pasadena, USA, 3Planetary Science Institute, Colorado, USA, 4University of Arizona, Tucson, USA. 
 
Introduction: A long-standing problem in Mars polar 
science is the interpretation of the stratigraphic record 
preserved in the North Polar Layered Deposits (NPLD) 
[1] (Fig. 1a), whose accumulation patterns of ice and 
dust have long been thought to associate with recent 
climatic changes forced by oscillations of the planet’s 
astronomical parameters during the Amazonian [2,3]. 
The internal layering of the NPLD is visible in 
exposures within spiraling troughs that dissect the 
NPLD dome (Fig. 1a,b). Studies used remote images 
of the troughs to map the stratigraphy [4–8] and search 
for a connection between the NPLD and astronomical 
forcing [9–12]. Sub-surface radar sounding with 
SHARAD detects changes in dielectric properties with 
depth, possibly related to differing amounts of dust and 
observed as radar reflections that allow another view 
of the internal bedding (Fig. 1c; [13]). 
The optical and radar-based stratigraphies have 
predominantly been studied in isolation. In terrestrial 
climate science, orbital forcing was ultimately 
confirmed by the correlation of various datasets [14], 
suggesting that this integration is necessary to unlock 
the climate record of the NPLD. In general, both radar 
and optical layers are assumed to result from varying 
amounts of dust impurities in water ice [15] (assuming 
negligible and uniform porosity). Christian et al. [16] 
attempted the first quantitative correlation and found a 
general agreement between properties of radar 
reflectors and visible layers, such as bed geometry and 
wavelength. This provided evidence that the same 
physical quantity controls the formation of both radar 
reflectors and protruding strata. However, the unique 
correlation of a particular radar reflector with one 
visible layer or layer-packet remains an open problem. 
Here, we present our approach to this correlation: 
Comparing high-resolution profiles of bed protrusion 
to SHARAD radargrams that intersect the exposures. 
We compare the datasets directly, and also model 
SHARAD propagation through layered media with 
electrical properties based on the bed protrusion 
profiles, which are extracted from Digital Terrain 
Models (DTMs) made from HiRISE stereo images. We 
compare the models to real radargrams to test whether 
highly protruding ‘marker beds’ have sufficient 
dielectric contrast with neighboring beds to create 
radar reflections, thus associating individual reflectors 
to visible beds. This would ultimately result in 
HiRISE-SHARAD stratigraphic profiles of fractional 
dust-content that can be used to constrain accumulation 
models [17,18]. 
 
Data and Methods: The “visible” data is obtained by 
extracting 1D profiles of topography down trough 
faces in the HiRISE DTMs and calculating how much 
beds protrude from an average linear fit to the surface 
within a particular window (Fig. 2a.  Protrusion was 
defined by [8] to correlate layer exposures across the 
NPLD; the complete procedure for their extraction is 
explained therein). The radar data is derived from 
SHARAD soundings within a 3km-wide ROI that is 
closest to the site where the protrusion profiles were 
measured and still has a favorable geometric 
arrangement with the trough wall. We select segments 
of three SHARAD radargrams that fall within the ROI 
near a site through visual inspection (Site N0, Fig. 2b). 
We averaged all soundings contained in each segment 
to produce the signals in Fig. 2c. Two have similar 
responses at the range of interest (blue and green), and 
the other does not (red). This is representative of the 
variations in radar response observed within the ROI.  
Direct cross-correlation: To compare the two datasets 
we subtract the linear attenuation in the radar and 
normalize all quantities to mean = 0 and variance = 1. 
We then search for the maximum cross-correlation 
between protrusion profiles and average radargrams. 
Radar Propagation Model: We simulate the radar 
propagation through a layered medium modeled after 
the protrusion profiles (Fig. 3) [19]. Marker Beds 
simulate beds of higher permittivity (ε = 4) over a 
water ice background (ε = 3.12) representative of the 
bulk permittivity of the NPLD [15]. We then compare 
the model radargrams to the real ones at each location. 
 
Preliminary Results: In the direct comparison with 
protrusion (Fig. 4) we select only the sections of the 
radargrams that correspond to the estimated relevant 
depth range [2–8 µs], while the comparison with the 
models includes the surface reflection and a modeled 
“overburden” of ice beds [0–8 µs]. 
The direct cross-correlation results show the blue 
and green radargrams achieve good matches between 
reflectors and protrusion peaks, and while the red does 
not, lags of maximum correlation are similar for all 
three. In comparisons with the model, not all three 
radargrams showed similar maximum-correlation lags: 
The blue and green matches are close to what would be 
expected, while the red correlation fails. 
In addition to the previously mentioned approach, 
we have attempted correlation between the radar-
propagation model and the real radargrams using the 
pattern-matching algorithm known as dynamic-time 
warping (DTW) [8,20], which has shown promising 
preliminary results. DTW finds the best match between 
two time-varying functions by ‘tuning’ one to the other 
and maximizing the covariance between the two. In 
this case, the tuned function is the synthetic radargram, 
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and the forcing function is the real one. The statistical 
significance is then found by repeating the process 
with random functions and comparing covariances (see 
[8] and [20] for details). The cross-correlation 
coefficient and the Monte Carlo statistical significance 
parameter are high for the case of site N11 (0.937 and 
92% respectively), although the uncertainty also 
remains high because as of yet, we have only used one 
SHARAD sounding instead of an average of many 
intersecting ones. 
 
Preliminary Conclusions:  
• Beds of high protrusion appear to match radar 
reflectors at the tested sites.  
• Variability within the radar data must be taken into 
account, as only two of the three radargrams have 
similar matches with the protrusion profiles. 
• The presented method is the correct approach to the 
correlation of HiRISE to SHARAD at the NPLD, 
but the full dataset must be compared and tested for 
statistical significance. 
 
Future Work: Our preliminary investigations have 
promising results. We will extend this study to all 
geometrically favorable locations and test for statistical 
significance. We will also use the direct correlations 
with protrusion to inform the model and use Dynamic 
Time Warping [6,7] to tune the model and find the best 
fit at each site. Ultimately, we plan to transform the 
best fit dielectric profiles into dust/ice ratio profiles 
[8,9] for use as input on accumulation models [10]. 
 
 
Figure 1. (a) Topographic map of the NPLD. Dots = 
locations of study sites and HiRISE DTMs from [9]. White 
line = ground track of SHARAD radargram in (c). (b) 
HiRISE image of exposed layers in an NPLD trough. Black 
line = protrusion profile track (c) SHARAD radargram 
492802. Pink square = approximate location of site N11. 
Pink line = location of N11 individual soundings.   
 
 
Figure 2. (a) Protrusion profile at site N0. Yellow bands 
indicate ‘marker beds’. (b) Colorized view of HiRISE DTM 
(red = higher elevation) over MOLA shaded relief at site N0. 
Black line = protrusion profile location. White lines = 
SHARAD ground tracks. (c) Averaged SHARAD soundings 
from the tracks shown in the inset in (b).  
 
Figure 3. Dielectric profile (center) modeled after the 
protrusion profile (left) of site N0, and the resulting 
simulated radargram (right).  
 
 
 
Figure 4. Results of the cross-correlation with the protrusion 
profiles (top) and model radargrams (bottom) for site N0. 
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Introduction: Many fundamentally issues remain 
unsolved regarding the current dust and water cycles 
on Mars. In particular: 
• What are the role and impact of the different 
reservoirs of dust and water on the cycles? 
• What controls and triggers the regional and 
global dust storms? 
• Where and how is dust lifted and transported in 
the atmosphere?   
• What is the current global dust and water budget 
and how has it evolved over time and space?  
In order to answer these questions, we implemented 
the so-called tagging method in the NASA Ames Mars 
Global Climate Model (MGCM) [1].  
 
The tagging method:  The MGCM simulates the 
atmospheric transport of dust particles, water vapor 
and water ice. The tagging method “tags” or “labels” 
these transported constituents according to a chosen 
criterion (Figure 1). As an example, if dust particles are 
the tagged constituent (« dust tagging ») and the crite-
rion is its geographic origin (e.g., the low thermal iner-
tia regions), this means that during the entire simula-
tion, we keep track of the dust that originated in the 
selected regions of Mars. Each tag is transported by the 
model as a tracer and behaves like the constituents they 
follow, but is completely passive and does not alter the 
predictions. This technique enables us to track not only 
the origin of a given atmospheric constituent, but also 
the physical processes it goes through (e.g., scaveng-
ing, ice cloud, storm, frost, etc), or the different envi-
ronments it has encountered since its emission (crater, 
mountains, dusty atmosphere, poles, etc).  
This powerful method was first implemented in the 
NASA/GISS GCM [2] to identify the origin of the pre-
cipitation in various regions of the Earth, and is now 
widely used for detailed studies of the Earth water cy-
cle. It has never been tested on Mars, and has plenty of 
promising applications. 
Figure 1: Illustration of the tagging method for the dust 
tracer on  Mars. Instead of one unique tracer describing the 
dust particle, the tagging method produces many tracers al-
lowing us to keep track of the history of each particle.  
 
Current state of development: The tagging meth-
od has been implemented, tested, and validated. We are 
currently exploring the possible applications, summa-
rized in Table 1, by running high resolution GCM sim-
ulations of Mars coupled with the tagging method. At 
the workshop, we aim to show the results concerning 
the first three applications (A1-A3), which are focused 
on the dust cycle. 
 
First applications: 
A1: We tag dust depending on its geographic 
origin. We divide the Martian surface into different 
geographic areas, including the main regions of dust 
lifting, such as the storm zones of the northern plains 
[3], the highly eroded regions of the southern high-
lands, and the high/low albedo and thermal inertia re-
gions [4]. By running different simulations with finite 
sources [5,6,7], we also investigate the role and contri-
bution of each reservoir on the dust cycle and quantify 
their dust exchanges. We are also able to isolate the 
contribution of each region to the formation of global 
dust storms, providing insight into the main pathways 
dust particles take during the formation of a global dust 
storm. In addition, the simulations reveal the regions 
where dust is deposited after the decay of such a storm. 
On a multidecadal time scale, the simulations using this 
tagging method also constrain the mass balance and 
equilibrium state of the dust cycle. 
 
A2: By tagging dust depending on the 
local time it has been lifted and lofted in 
the atmosphere, we investigate how the 
diurnal cycle affects the dust lifting and 
transport. With this method, we provide 
insight into the contribution of upslope 
and downslope winds on the dust cycle.  
 
Table 1: Envisioned applications for the tag-
ging method  
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A3: We tag dust particles that have been scavenged 
by water ice clouds. This enables us to assess the glob-
al impact of scavenging on the current and past Martian 
climate, in particular during the high obliquity periods 
where this process is thought to have been more effi-
cient than it is today. 
 
Future applications: By tagging dust depending 
on the type of lifting, we can also quantify the contribu-
tions of dust lifted by dust devils activity and surface 
wind stress when both schemes are active [8], and de-
termine where each type of dust tends to accumulate 
and influence the surface reservoirs (A4). By tagging 
water depending on its sublimation source, the northern 
polar cap or its outliers, we can assess the impact of 
both reservoirs on the current climate, and investigate 
their exchange of ice and global budget. This study can 
also be applied to past climates, where other reservoirs 
of water ice may be stable (A5). By tagging the aero-
sols depending on the altitude they reach, we can probe 
where the different levels tend to transport the aerosols 
(A6).  
 
We also would like to take the opportunity of this 
workshop to further develop the possible applications 
of this method to the existing issues related to the Mars 
climate.  
 
Conclusions: The potential of the dust, water and 
water ice tagging method in the GCMs opens the door 
to many powerful results regarding the long-term evo-
lution of the dust and water cycles. We expect this 
method to fill many gaps in the understanding of the 
current and past Martian climate and provide insights 
on the development of global dust storms, the influence 
of the scavenging of dust particles during both the pre-
sent-day and past climates, the exchanges between the 
different dust and water reservoirs and the long-term 
mass balance and equilibrium state of the cycles. 
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Introduction:  Spiral troughs that expose the upper 
layers of the martian north polar layered deposits 
(NPLD) have been integral in shaping our understand-
ing of the polar caps as products of orbital-induced cli-
mate variations (Fig. 1). Understanding the mechanisms 
by which these troughs formed and evolved will provide 
important insights into the mass balance of volatiles on 
Mars and the climate of the planet during the most re-
cent part of the Amazonian. 
Ground-penetrating radar from the Shallow Radar 
(SHARAD) instrument onboard the Mars Reconnais-
sance Orbiter (MRO) discovered discontinuities in the 
subsurface stratigraphy (Fig. 1) that have been inter-
preted as trough migration paths (TMPs), or bounding 
surfaces, undertaken since their formation [1]. The old-
est troughs have migrated up to ~100 km while experi-
encing ~1 km of ice accumulation over the same time 
period [2]. These migration paths record the net mass 
balance at the trough, and the slopes of the migration 
paths provide a record of the ice accumulation that has 
occurred on the inter-trough NPLD surface and the ice 
loss from trough walls. 
We investigate mass balance scenarios at the troughs 
to find those that match the observed trough migration 
paths. Comparing sublimation over time to the trough 
migration path slopes will allow us to estimate the ac-
cumulation rate that has been experienced by the inter-
vening flat areas of the NPLD. Conversely, if we as-
sume or derive an accumulation rate by a different 
means, we can test hypotheses of the timescale of trough 
migration. 
Methods: We combine a 1D thermal conduction 
model with calculations of ice sublimation and subse-
quent lag growth to predict the amount of ice that has 
been lost from the trough walls. Details of the model can 
be found in [3]. Trough migration generally occurs pole-
ward by the equatorward-facing side of the trough. 
These equatorward-facing trough walls clearly show 
NPLD layers <1 m thick, suggesting the lag remains 
thin. As such we implemented a lag removal scheme 
and our model can remove dust over time (which has 
been observed at present day to occur due to winds and 
eolian processes [4]). We also calculate ice sublimation 
due to free and forced convection (nominal case: 2.5 m/s 
wind), following the equations in [5], for cases of a bare 
icy surface (no lag).  
The trough walls currently at the surface have slopes 
of ~2-15° [2], and for our study we assume a constant 
slope of 7° at 85°N. We run the model for south-facing 
slopes over timescales within the orbital parameters of 
[6]. For our preliminary results, we look for nominal 
cases that generate ~60 km of horizontal retreat while 
the NPLD surface undergoes ~700 m of vertical accu-
mulation, based on the results of [2]. In these cases, we 
combine our sublimation calculations with the obliq-
uity-dependent parameterization of accumulation rates 
from [7] to generate synthetic trough migration paths to 
compare to the observed TMPs. 
 
 
 
Figure 1. (top) Perspective view of the north polar cap 
on Mars and its spiral troughs, depressions that spiral 
clockwise about the cap. (bottom) Portion of the polar 
cap as seen by depth-corrected SHARAD radargram 
1247002. Trough migration paths, as mapped by [2], 
are in yellow. 
 
Results: Both ablation from the trough wall and ac-
cumulation onto the surroundings lead to changes in the 
x,y position of the trough. For a trough slope of 7º, 
~90% of the horizontal migration of the TMPs comes 
from sublimation with the other 10% due to the up-slope 
movement caused by accumulation. All vertical migra-
tion is due to ice accumulation, and net accumulation of 
the surrounding surface is required to preserve the 
TMPs in the subsurface stratigraphy seen by SHARAD. 
In 2 Myr, a bare-ice trough wall would generate over 
500 km of horizontal retreat due to ice sublimation. 
Over this same time period, 1700 m of ice would accu-
mulate, though [7] cautions that their obliquity-depend-
ent scheme is not appropriate for some orbital solutions, 
a
a’
x
10 km
500 m
50 km
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particularly when polar insolation exceeds some critical 
value at high obliquities. [8] suggests an annual accu-
mulation rate of 0.55 mm/year, which would lead to 1.1 
km of accumulation in this same time period. This 
means that if the troughs formed 2 Myr ago, they would 
need to be covered with a lag to reduce the trough mi-
gration to the values that are observed (<100 km). Ac-
cumulation rates of the NPLD would also have to be 
lower than suggested by [7] or [8]. 
A 5 mm lag on the trough wall would still lead to 
over 200 km of horizontal retreat, while a 1 cm lag 
would restrict horizontal ice retreat to only 25 km (Fig. 
2). Lag thickness is not expected to be constant, but us-
ing a nominal lag thickness provides a first order ap-
proximation: if the troughs have been migrating for 2 
Myr, they would need to be covered with a lag that re-
mains, on average, between 5 and 10 mm thick. 
      
Figure 2. Amount of horizontal ice loss over 2 Myr for 
two lag thicknesses, and for reference, our nominal 
value of horizontal trough migration of 60 km. 
 
If the trough wall has remained bare throughout its 
history (meaning lag removal rates are greater than or 
equal to lag generation rates), we calculate the age for 
which 60 km of horizontal migration occurs: 520 kyr 
(Fig. 3). For this to occur, lag removal rates would range 
from 0 to 7 mm/year, with a mean of 0.72 mm/year, as-
suming a dust content of 3% in the ice and a regolith 
porosity of 40%. Over this time, the total accumulation 
from [7] would be <500 m. The nominal observed accu-
mulation since onset of trough migration (~700 m) 
could be reached if accumulation rates were 1.5 times 
higher (Fig. 3). Likewise, we could also match the over-
all trough migration if the troughs are slightly older (800 
kyr) so there is more time for accumulation, and subli-
mation rates are lower as to keep the overall horizontal 
ice loss at around 60 km (suggesting a thin lag is al-
lowed to form, reducing the maximum required lag re-
moval rate in times of high sublimation). 
Conclusions: Our results depend on how old the 
troughs are, however, we are finding a narrow window 
of allowable solutions. We can explain the trough mi-
gration paths with a nearly-bare trough wall surface for 
young ages (~500–800 kyr) and accumulation rates sim-
ilar to that predicted by [7]. However, if initiation of 
trough migration occurred 2 Myr ago, the trough re-
quires a lag to restrict sublimation, and we constrain the 
thickness of this lag to between 5–10 mm. In this ‘old-
trough’ scenario, accumulation rates need to be less than 
previous predictions [e.g. 7;8].  
Many of the observed trough migration paths only 
exhibit a couple jumps in slope, often exhibiting steeper 
slopes nearer to present day surface and shallowing out 
at a depth. This behavior is better matched by younger 
trough ages. Young ages are also favored because we 
can match the overall amount of migration using previ-
ous predictions of NPLD accumulation rates. 
We will present our final solution space of ages, lag 
thicknesses and accumulations that reproduce the 
trough migration paths observed in SHARAD (e.g. Fig 
1). The work of [2] demonstrates that there is diversity 
within the troughs, and the troughs formed in two gen-
erations separated by many hundreds of meters. With 
our model, we may also able to constrain the mass bal-
ances and conditions that lead to this diversity. 
 
Figure 3. Synthetic trough migration paths for 520 kyr 
of bare-ice sublimation and accumulation from [7]. 
 
References: [1] Smith and Holt (2010) Nature, 
465(7297), 450–453. [2] Smith and Holt (2015) JGR-
Planets 120, 362–387. [3] Bramson et al. (2017) JGR-
Planets 122. [4] Smith et al. (2013) JGR-Planets 118, 
1835–1857. [5] Dundas & Byrne (2010) Icarus 206, 
716–728. [6] Laskar et al. (2004) Icarus 170(2), 343–
364. [7] Levrard et al. (2007) JGR 112, E06012. [8] 
Hvidberg et al. (2012) Icarus 221, 405–419. 
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Introduction: Swiss Cheese Terrain, comprised of 
Swiss Cheese Features (SCFs), refers to groups of pit-
like features in the south polar ice cap of Mars. These 
features were first observed in [1]. Typically, SCFs are 
flat bottomed depressions cut into an also flat CO2 ice 
surface layer [1]. The sides of the SCF’s are generally 
steep, such that the topology often resembles the inverse 
of a mesa or butte. Sizes (in surface area) vary from less 
than one square meter to hundreds of thousands of 
square meters. Depths vary from close to zero for newly 
formed features to the order of ten meters for mature 
SCFs.  
Changes in the sizes of SCFs are governed by 
sublimation and deposition processes and the 
environmental conditions affecting them [2,3,4]. The 
change in size of SCFs occurs on a few different time 
scales. There is strong evidence of year-over-year 
growth, implying a warming (not in equilibrium) state 
for the Martian South Pole over the course of nearly a 
martian decade [5]. In addition, we find some indication 
of seasonal variability, as sublimation rates are highly 
temperature dependent. There are many other factors 
which might affect the sublimation rate of the CO2 layer. 
These include but are not limited to albedo changes, 
local topology, and martian latitude/longitude. 
Methods: The images chosen for our study were 
taken by the High Resolution Imaging Science 
Experiment (HiRISE) camera aboard the Mars 
Reconnaissance Orbiter [6]. We select 103 SCFs at 10 
locations spread across the Martian South Pole. The 
sizes of the SCFs chosen span several orders of 
magnitude in area (from near one square meter to tens 
of thousands of square meters). Images are all in the 
southern hemisphere spring-fall with gaps during the 
southern winters. Areas are measured through the use of 
Photoshop or GIMP. The outer edges of the SCF are 
manually selected and the number of pixels counted 
using the histogram tool. Pixel areas are transformed to 
square meters using the pixel scale available from the 
HIRISE images. It should be noted several options of 
different edge fitting algorithms might in the future be 
adapted to the automation of area measurement for 
Swiss Cheese features [7]. However, finding the 
appropriate parameter space for accurate measurement 
is nontrivial. 
Once the area of the individual SFC was measured, 
we plotted these areas as a function of time, allowing us 
to determine dA/dt for each feature assuming the 
derivative was following a linear trend.      
 
Figure 1. Change in area of SFCs over 5 martian years. The 
evolution was approximated to being linear allowing to 
determine dA/dt. 
Results: We find changes in the area of SCFs over more 
than five martian years. The SCFS are increasing in size 
from year to year, with lesser evidence of seasonal 
change within individual years. This observed pattern of 
growth of the swiss cheese features, due to excess 
interannual sublimation of CO2 ice, is present across the 
entirety of the South Polar Cap. Most features and 
locations as a whole appear to show a reasonably 
smooth growth pattern, with no major spikes. A few 
locations, in contrast, show a local sharp spike in growth 
rate after years of slower growth. It does appear the 
whole South Polar Cap is, during the five martian year 
duration of our data sampling, experiencing a warm 
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period where more CO2 ice is being sublimated than 
deposited. We also note that the most poleward features 
(above 88oS) exhibit a significantly lower growth rate 
(Fig. 2), although the number of observations for this 
region was limited to two samples. Therefore these low 
growth rates were ignored in the determination of the 
global growth rate as defined below.   
 
Figure 2. Growth rates normalized to size of Swiss Cheese 
Features and binned bv latitudes. Note how the most poleward 
features exhibit a significantly lower growth rate.  
 
Figure 3. SCF dataset with power best fit (pink) compared to 
exponential fit (dashed line). Power law best fit is 
𝑑𝐴
𝑑𝑡
=
0.6497𝐴0.823 
Modeling: The growth of the SCFs is measured in terms 
of a linearized change in surface area over time, with the 
slope 𝑑𝐴/𝑑𝑡 being the least squares linear fit to the full 
time range of the area data (Fig. 3). The value of 𝑑𝐴/𝑑𝑡 
in our data somewhat unexpectedly follows a power law 
with respect to the area of the feature (Fig 3): 
𝑑𝐴
𝑑𝑡
= 𝑚𝐴𝑛     (1)  
A(t)= (1 − 𝑛)(𝐶 + 𝑚𝑡)
1
1−𝑛  (2) 
In the simplest (assume circular SCF) case, this suggests 
a nonlinear increase in the radius of the SFC based on 
its size. This may partially arise from the geometry. If 
the SCFs may be described as changing mainly along its 
sloped edges (ring of radial change dr added to the 
existing radius per year), the size of the shell (with 
constant dr) compared to the total area becomes smaller 
as the area gets larger. However, our data appear to 
show dr (or dA) increases as a function of r, which origin 
remains unclear. From the empirical power law 
relationship between 𝑑𝐴/𝑑𝑡 and A, we derived an age 
function for the SFCs (Fig. 4) describing A(t), assuming 
the environmental conditions governing growth have 
not changed: 
A(t)= (0.0000564)(5.65 + 0.660𝑡)5.65 (3) 
Conclusions: The area of SFCs is measured across 
several different latitudes and longitudes on the Martian 
South Polar Cap and are shown to grow over the time 
period sampled. This growth is the result of excess 
sublimation versus deposition over the course of each 
Martian year. The entirety of the pole is consistent with 
this finding, although the precise processes governing 
growth remain unclear, and particularly why the growth 
law deviates from an expected linear trend. Moreover, 
the deviation from exponential to a power law (eq. (1)) 
suggests possible local effect linked to the shape of the 
SFC, or the lack of smoothness in the borders.    
From our data, we formulated an age function (Fig. 
4) for SCFs. While the assumption of the entire Martian 
South Pole following the same growth function for 
several decades is probably not valid, this function gives 
an estimate of the relative and absolute ages of SCFs, 
and a mechanism for predicting future growth should 
environmental conditions remain constant.  
 
Figure 4. Empirical age function for the SFCs, starting at the 
resolution limit of the instrument, e.g. ~1 m2. 
References: [1] Thomas, P. C. et al. (2000) Nature 404 
(6774): 161–4. [2] McKeown, et al. (2017) LPSC XLVIII, 
Abstract #1330. [3] Guno, Xin et al. (2010) Journal of 
Geophysical Research 115. [4] Byrne, S. and Ingersoll, A.P. 
(2002) American Astronomical Society, 34:837. [5] 
Blackburn, D.G. et al. (2010) Planet. Space. Sci, 58(5): 780-
791. [6] McEwen, S. et al. (2002) Journal of Geophysical 
Research, 112, E05S02. [7] Li, C. et al. (2010) IEEE Trans. 
Image Processing, vol. 19 (12), pp. 3243-3254. [7] Becerra, et 
al., AGU F2013 abstract #P41A-1913. 
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Introduction: The presence and nature of subsur-
face ice in the mid-latitudes of Mars has implications for 
the planet’s climate history. Variations in obliquity and 
eccentricity drive changes in insolation that lead to 
transfer of water molecules around Mars [1]. Although 
water ice is currently unstable on the surface of Mars at 
the mid-latitudes, it’s possible that ice deposited on the 
surface under previous orbital conditions currently re-
sides in the subsurface [2], or that ice was deposited di-
rectly in the subsurface. 
 
 
 
Figure 1: (a) Expanded craters and (b) scalloped de-
pressions in Hellas Planitia. (c) Map of Hellas Planitia 
showing comparison of subsurface reflector locations to 
expanded crater and scalloped depression locations 
and locations of figures 1a, 1b, 2, and 3 marked in 
white. 
 
Subsurface ice is correlated with thermokarst fea-
tures such as expanded craters (figure 1a), which are 
thought to form by the sublimation of excess ice ex-
posed by an impact [3, 4], and scalloped depressions 
(figure 1b). These features have been observed in the 
southern hemisphere of Mars [5, 6]. We are investigat-
ing Hellas Planitia, one region where these thermokarst 
features are concentrated, using the Shallow Radar 
(SHARAD) instrument on the Mars Reconnaissance 
Orbiter (MRO). We will examine 368 SHARAD tracks 
covering Hellas Planitia to determine whether there are 
subsurface dielectric interfaces in this area and, if pos-
sible, determine the dielectric constant of the associated 
material to constrain its composition. We will also ob-
serve whether these subsurface reflectors are correlated 
with the locations of expanded craters or scallops. 
Methods: SHARAD is an orbital ground-penetrat-
ing radar with a 20 MHz center frequency and a band-
width of 10 MHz, and a vertical resolution of 15 m in 
free space and 15er-1/2 in a material with dielectric con-
stant er [7].  
We are examining radargrams, which are plots of 
delay time versus distance along the track with the 
power returned at each pixel represented by its bright-
ness. Reflections from off-nadir features (clutter) may 
appear at time delays similar to subsurface reflections. 
Therefore we are comparing the radargrams to simula-
tions based on Mars Orbiter Laser Altimeter (MOLA) 
topography data [8]. 
When possible, we will determine the dielectric con-
stant (er) of the material causing the reflection using the 
thickness of the material (Δx), the delay time difference 
between the surface and subsurface interfaces (Δt) and 
the equation er=(c Dt/Dx)2 where c is the speed of light 
in vacuum. The thickness of the material is either meas-
ured directly using an associated geological feature or 
assumed based on context. After finding the dielectric 
constant, we will constrain the composition of the ma-
terial using a model for the dielectric constant of a mix-
ture. 
Preliminary Results: We have examined 149 
tracks so far and found 205 possible subsurface reflec-
tors, with varying degrees of confidence. The presence 
of reflectors in the same area in adjacent tracks leads to 
higher confidence in a reflector. We have lower confi-
dence in reflectors that are absent from the clutter sim-
ulation but are either contiguous with clutter or have 
characteristics like curvature that are common in clutter. 
We will produce clutter simulations using higher reso-
lution topography data where available to verify ambig-
uous reflectors. We plan to present a completed map-
ping of reflectors in Hellas Planitia from the 368 tracks. 
c 
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Figure 2 shows an example of possible reflectors. 
Two of the reflectors shown were beneath a pedestal 
crater examined in [9] so we have a high degree of con-
fidence that those are real reflectors. We also found two 
additional reflectors along the track in the region, as 
well as several in the same area in adjacent tracks, lead-
ing to higher confidence in these reflectors as well.  
 
 
 
Figure 2: (a) Portion of the radargram for SHARAD 
track 669301. White and blue arrows mark subsurface 
reflectors; blue arrows mark reflectors at the base of a 
pedestal crater examined in [9] and white arrows mark 
additional subsurface reflectors along the same track. 
(b) Clutter simulation for same portion of the track. (c) 
MOLA image showing several tracks, with track 669301 
indicated by the arrow. Red lines indicate subsurface 
reflectors. 
 
Figure 3 shows another example of possible reflec-
tors. No reflectors appear in adjacent tracks parallel to 
the first reflector on the left in figure 3a, so we have 
lower confidence in it, while the other reflectors have 
parallel reflectors in nearby tracks, so we have a higher 
confidence in those. The second reflector from the left 
in figure 3a, as well as the reflectors parallel to it, appear 
to be under a small pedestal crater, so finding the die-
lectric constant associated with these reflectors would 
constrain the pedestal’s composition.  
 
 
Figure 3: (a) Portion of the radargram for SHARAD 
track 1701701. Arrows mark subsurface reflectors. (b) 
Clutter simulation for same portion of the track. (c) 
MOLA image showing several tracks, with track 
1701701 indicated by the arrow. Red lines indicate sub-
surface reflectors. 
 
We will compare the spatial distribution of reflectors 
to that of the expanded craters in Hellas Planitia. Pre-
liminary results (Figure 1c) show that there is a concen-
tration of expanded craters in a band near 60°S, where 
some subsurface reflectors are also present. It also 
shows a relative lack of expanded craters and reflectors 
in the northwest part of Hellas Planitia. We note that 
while not all of the tracks have yet been examined, those 
that have are distributed over the full area of the region, 
so this may be a real result. The correlation between cur-
rent candidate reflectors and expanded craters or scal-
lops is not strong but this may change as our understand-
ing of the reflectors is refined. 
References: [1] Head J. W. et al. (2003) Nature 426, 
797-802. [2] Mellon M.T. et al. (2004) Icarus, 169, 
324–340. [3] Viola D. et al. (2015) Icarus, 248, 190-
204. [4] Dundas C. M. et al. (2015) Icarus, 262, 154-
169. [5] Viola D. and McEwen A. S. (2018), JGR, 
DOI:10.1002/2017JE005366. [6] Zanetti M. et al. 
(2010) Icarus, 206, 691-706 [7] Seu R. et al. (2007) 
JGR, 112, E05S05. [8] Choudary P. (2016) IEEE  
GRSL, 13, 9, 1285-1289. [9] Nunes et al. (2011) JGR, 
116, E04006.  
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Introduction: Over the last ~decade, many small-scale 
geomorphological changes within martian sandy slopes 
have been identified and studied, occurring on ~annual 
timescales. In some sites where the timing of activity 
has been constrained to a portion of a Mars year, the 
formation of features has been tied to periods when 
frost is accumulating or sublimating. This, together 
with other data such as spatial distribution of the fea-
tures, strongly suggests that martian CO2 frost and ice, 
especially when interacting with a granular surface, is 
an effective geomorphic agent (at least during the Am-
azonian) and should be considered, with wind and im-
pacts, when interpreting martian geomorphology. 
This work will summarize current results and ongo-
ing studies of martian landforms observed to be active 
over seasonal-to-decadal-timescales and hypothesized 
to have activity connected to the accumulation and/or 
sublimation of seasonal frost. Present hypotheses about 
the different types of frost that may be an influence will 
also be discussed, leading towards potential ways of 
discriminating between or refining landform formation 
models. These types of studies are vital if we are to 
improve our ability to interpret these landforms as 
proxy markers of specific environmental conditions 
and thus use them to learn more about the Amazonian 
and present-day martian climate. 
The landforms: 
 Active martian gullies (Fig. 1) were first ob-
served within the southern mid-latitudes, on both 
dune and non-dune (e.g., crater walls, hillslopes) 
slopes [1-3], with present-day changes in alcove, 
channels, and aprons. The activity within the 
southern mid-latitudes has since been quantified 
and timing has been constrained further to late 
winter/early springtime, suggesting a connection 
to springtime sublimation-driven or initiated pro-
cesses [4-6].  
 Superficially similar features have been observed 
in the northern polar [7-10] and mid-latitude [11] 
dune fields. However, alcove formation within 
the north polar erg occurs before sublimation be-
gins [13-15], possibly during early autumn [15]. 
Additional differences from the southern gully 
activities are found in the feature sizes and 
shapes, and where activity happens over subse-
quent winters, suggesting that the north polar al-
coves may form through a different process than 
the larger southern dune-gullies [12]. 
 Linear gullies are long (up to 2 km), narrow 
channels that run downslope and are relatively 
uniform in width, ending in circular depressions 
referred to as terminal pits (Fig. 2). Activity is 
tied to early spring, their location on pole-facing 
sandy slopes, and their general morphology [13, 
14] is consistent with a model of subliming CO2 
ice blocks sliding down the sandy slopes [14]. 
 New meters-scale dendritic troughs, carved into 
the surface, have been found in some polar, sandy 
regions and have been observed to be growing 
annually, likely due to scouring from sand [15]. 
The formation process is consistent with erosion 
by sublimation-induced gas jets fed by sub-ice 
gas flow [16,17]. Over time, this type of activity 
may form the araneiform terrain (AKA spiders) 
in the south polar region [18,19], with longer 
timescales not necessarily requiring the presence 
of sand. 
 
Figure 1. Active dune gullies extend down the down-
wind slope of this megabarchan at the edge of Kaiser 
Crater dune field (46.8°S, 20.1°E). These are massive 
features (on a very large dune – 750 m tall), and some 
exhibit repeat activity over multiple Mars years (MY 
28-34). DTM was generated from PSP_006899_1330 
and PSP_006965_1330 (NASA/JPL/UA/USGS). 
The drivers: 
In this and many previous works, we have focused on 
CO2 frost and ice as this volatile makes up 96% of the 
martian atmosphere [20]; accumulates on the martian 
surface in significantly greater amounts than water 
frost/ice (e.g., compare [21] with [22]); and – when 
information is available – coincides better with the 
timing of surface landform activity. Solid CO2 can in-
teract with the martian surface via these forms: 
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 As the autumn season cools, transient (diurnal) 
frost can condense on the martian surface. Such 
frost has been observed in low latitudes [23] and 
laboratory experiments have shown it can induce 
at least small-scale mass-wasting within granular 
material at or below the angle of repose [24]. 
 Seasonal frost accumulates within latitudes pole-
ward of ~30d [25], with depths increasing up to 
tens of centimeters in the polar regions [21].  
 As winter progresses, the CO2 frost anneals into 
denser slab ice [26]. 
 In the spring, blocks of CO2 ice can be cold-
trapped in alcoves, while ice on the dune slipface 
sublimes. When these ice blocks break free, they 
slide over the warmer exposed dark sand. Such 
blocks have been observed on the martian surface 
[e.g., 4]; terrestrial field experiments have shown 
that such blocks can easily ‘hovercraft’ down 
dune slopes, carving out a track [14,27]; and la-
boratory experiments under martian winter-time 
conditions show that stationary subliming blocks 
can create pits [28]. 
 Snowfall also occurs in the polar regions [29] and 
may influence some large-scale mass-wasting ac-
tivity observed on north polar dunes [30]. 
Several CO2-frost driven mechanisms have been pro-
posed as possibilities for this present-day martian sur-
face activity [e.g., 6,14,18,30-35], but generally the 
exact drivers/process(es) for feature formation are still 
under investigation.  
Implications for the martian landscape: Features 
such as martian gullies, linear gullies, and troughs/ 
spiders are found over a range of latitudes [36], and are 
likely to reflect current or recent local-scale environ-
mental conditions. Thus, an improved understanding of 
their formation would aid in interpreting Amazonian 
environmental conditions – and with a broader distri-
bution and local-scale spatial resolution not generally 
achieved by direct environment observations. In par-
ticular, by examining where different frost/ice-driven 
landforms are found, we seek an improved understand-
ing of how and where different types of solid CO2 can 
be found on Mars, and what this implies about the Am-
azonian (or at least the present-day) volatile cycle. 
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Figure 2. This linear 
gully (47.2°S, 34°E) 
had pits form on the 
sides and bottom 
(some attached to 
new troughs; largest 
pits are ~4m diame-
ter) and trough elon-
gation/ changes in 
sinuosity (within the 
central/main trough). 
HiRISE image 
ESP_038453_1325 
(Ls 211 MY 32) is 
shown; changes oc-
curred after image 
ESP_024950_1325 
(Ls 33 MY 31) 
(NASA/JPL/UA). 
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MODELING THE MARTIAN ENVIRONMENT AT LOW OBLIQUITY.  E. Dupont1, F. Forget1, T. Ber-
trand1, E. Millour1, M. Vals1, A. Spiga1 1Laboratoire de Météorologie Dynamique, IPSL, CNRS, Sorbonne Univer-
sité BP99, 75005 Paris, France. 
Introduction:  Mars Obliquity reached values near 
15° 800,000 years ago, and probably less than a few 
degrees during the Amazonian era [1]. To study the 
changes in the Martian environment we use a hierar-
chy of models derived from the LMD Mars Global 
Climate Model [2,3] to predict how and where the at-
mospheric CO2  may condense to form perennial CO2 
glaciers, how the atmospheric composition is modi-
fied, and how the climate cycles and the global envi-
ronment is affected by these changes.  
A realistic 2D volatile transport model to map 
CO2 glaciers. To simulate the possible atmospheric 
collapse due to the formation of CO2 perennial glaciers 
over thousands of years and at high spatial resolution 
we have modified the GCM in two ways. First atmos-
pheric dynamics and transport were parameterized 
using a simplified redistribution of CO2 and H2O as we 
did on Pluto to simulate long term N2 cycles [4,5] 
which share many similarities with the Martian CO2
cycle. Second we have carefully introduced a detailed 
parametrization of the topography distribution at kilo-
meter scale in order to account for the microclimate on 
local slopes. With such a tool we could simulate, map 
and quantify the formation of CO2 glaciers and their 
flow on high latitude poleward slopes as suggested by 
[6,7] and near the poles as studied in [8]. In such con-
dition the CO2 mixing ratio can significantly drop until 
the atmospheric composition becomes dominated by 
Argon and Nitrogen. 
A full 3D GCM to simulate the full climate. On 
the basis of the outputs from long-term simulations 
described above, we performed simulations to investi-
gate the atmospheric circulation, the water cycle and 
the possible transport of water to the upper atmosphere 
and escape.  
 [1] Laskar, J., Correia, A. C. M., Gastineau, M. 
(2004) Long term evolution and chaotic diffusion of 
the insolation quantities of Mars, Icarus, 170, 343-364.  
[2] Forget, F., Hourdin, F., Fournier, et al. (1999) 
Improved general circulation models of the Martian 
atmosphere from the surface to above 80 km, J. Ge-
ophys. Res., 104, 24,155-24,176. 
 [3] Forget, F., Haberle, R. M., Montmessin, F., 
Levrard, B., and Head, J. W. (2006) Formation of 
Glaciers on Mars by Atmospheric Precipitation at High 
Obliquity, Science, 311, 368-371. 
[4] T. Bertrand and F. Forget. Observed glacier and 
volatile distribution on Pluto from atmosphere- topog-
raphy processes. Nature, 987,(2016) 
[5] Bertrand et al. The nitrogen cycles on Pluto 
over seasonal and astronomical timescales Icarus 309, 
277-296 (2018). 
[6] Kreslavsky, M. A. and Head, J. W. (2005) Mars 
at very low obliquity: Atmospheric collapse and the 
fate of volatiles. Geophys. Res. Lett., 32, 12202. 
[7] Kreslavsky, M. A. and Head, J. W. (2011) Car-
bon dioxide glaciers on Mars: Products of recent low 
obliquity epochs?, Icarus, 216, 111-115. 
[8] Bierson, C. J., Phillips, R. J., Smith, I. B., 
Wood, S. E., Putzig, N. E., Nunes, D., Byrne, S. Stra-
tigraphy and evolution of the buried CO2 deposit in the 
Martian south polar cap. Geophysical Research Letters 
43, 4172-4179 (2016). 
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Figure 1: Present-Day Simulation, North Polar Region. (a 
and c): Deposition rates of dust, H2O ice, and CO2 ice, aver-
aged over the N. polar surface, vs Ls. (b and d): Total north-
ward fluxes of dust and water across 75o N (black), vs Ls, 
decomposed into transport components (colors). 
FORMATION OF THE MARTIAN POLAR LAYERED DEPOSITS: QUANTIFYING POLAR WATER 
ICE & DUST SURFACE DEPOSITION DURING CURRENT AND PAST ORBITAL EPOCHS WITH THE 
NASA AMES MARS GCM.  J. A. Emmett
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 and J. R. Murphy
2
, 
1
New Mexico State University Department of As-
tronomy (jeem9157@nmsu.edu), 
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Introduction:  The polar layered deposits (PLD) 
are 2-3 km-thick surface deposits in Mars’ North and 
South polar regions comprised of alternating layers of 
water ice and dust in various mixtures [4]. This layer-
ing is thought to be explained by astronomically-
forced, climate-driven variation in the sedimentary 
cycles of water and dust which formed the deposits 
over the past tens of millions of years [4]. If PLD stra-
tigraphy reflects astronomically-forced climate varia-
tion, then this stratigraphy contains a record of Mars’ 
relatively recent climate history. Deciphering this rec-
ord requires 1) Determining how layer properties re-
sulted from historical climate conditions and 2) Estab-
lishing an absolute age chronology for layers within the 
PLD.  
Methods:  Models. We utilize the NASA Ames 
Mars General Circulation Model to investigate the 
connection between Mars’ climate and annual rates of 
water ice and dust surface deposition in the polar re-
gions under a variety of orbital configurations charac-
teristic of the past ~10 Myrs [3]. All models utilize a 
‘KMH’ interactive wind stress dust lifting scheme de-
pendent on stress threshold and lifting efficiency, and a 
threshold-independent dust devil lifting scheme [2]. 
Dust and water are sourced infinitely from surface res-
ervoirs (dust is sourced globally, except where surface 
CO2 ice is present, while water is sourced from a 
Northern cap or other specified surface water ice reser-
voirs). Suspended dust is radiatively-active, but the 
radiative effects of suspended water ice and vapor are 
currently neglected.  
Configurations.  Initial simulations have investigat-
ed seasonal and annual changes in water ice and dust 
deposition in the North and South PLD resulting solely 
from variations in obliquity (15
o
, 25
o
, 35
o
, 45
o
), with a 
circularized orbit (to eliminate a hemispheric bias im-
posed by the seasonal alignment of the longitude of 
perihelion). Two different initial water ice distributions 
(besides a modern North residual cap (NRC)) are em-
ployed to simulate the expected migration of water 
between polar and non-polar surface reservoirs : Sym-
metric ice caps poleward of 80
o
 N/S, and glaciers on 
the western flanks of the Tharsis volcanos. One “pre-
sent-day” simulation utilizes a  present orbital configu-
ration and an NRC water source.  
Deposition and Climate.  In each obliquity/water 
source configuration, dust and water ice  deposition are 
quantified over two consecutive years to assess season  
al and annual changes in deposit thickness and dust 
content. To investigate the role of climate in determin-
ing these rates, surface deposition in the polar regions 
is correlated with seasonal changes in the poleward 
transport fluxes of aerosols. The circulations driving 
these fluxes are identified by decomposing the fluxes 
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into their constituent transport components (transient 
eddies, stationary eddies, mean circulation, and con-
densation flow), via the method described in [5].  
Results:  Present-Day.  The “present-day” simula-
tion predicts that both the North and South polar re-
gions accumulate PLD material annually at respective  
rates of 0.1 mm/yr and 0.01 mm/yr. The north accumu-
lates a water ice and dust mixture with a bulk dust-to-
ice volume mixing ratio of 13% while the south accu-
mulates a nearly pure dust deposit. In both polar re-
gions, enhanced water ice deposition occurs in late 
summer and early-mid spring and correlates with en-
hanced poleward water vapor transport by transient and 
stationary eddies. Water ice deposition is suppressed 
through fall/winter, correlating with a weakened pole-
ward water ice transport flux driven by transient ed-
dies, that is related to reduced atmospheric water abun-
dances at high latitudes. Net removal of water ice oc-
curs in late spring/early summer, correlating with net 
removal of water vapor from the polar regions by tran-
sient and stationary eddies. Only water ice deposited in 
late summer is retained annually, if at all, and 
spring/early-summer sublimation produces a sublima-
tion dust lag that comprises the upper ~15% of the 
thickness of the annual deposit. Dust deposition and 
poleward dust transport (driven by transient eddies, 
condensation flow, and mean circulation) continue 
year-round, with both being particularly enhanced dur-
ing fall/spring. Zonal mean circulation dominates  the 
poleward dust transport during fall/spring, while transi-
ent eddies and condensation flow dominate the pole-
ward dust flux during winter/summer.  
Effect of Obliquity (15
o
-35
o
) with Water Sourced 
from Tharsis Glaciers.  Under these configurations, the 
polar regions undergo continuous accumulation of dust 
and water ice year-round, at seasonally-varying rates. 
Like the present-day results, water ice deposition is 
particularly enhanced during spring/summer, when 
transient and stationary eddies transport a significant 
quantity of water poleward (but transported as water 
ice, rather than vapor). During fall/winter, water ice 
deposition is suppressed and the poleward transient 
eddy-driven water ice flux is weakened. 
There is a decrease in annual dust deposition with 
increased obliquity, resulting from a decrease in winter 
rates of dust deposition (and weaker transient-eddy 
driven poleward dust transport during winter) with 
increased obliquity. Conversely, there is an increase in 
annual water ice deposition (though a decreased cap 
size) with increased obliquity. Increased annual water 
ice deposition results from increased spring/summer 
rates of water ice deposition (and stronger transi-
ent/stationary eddy-driven poleward water ice transport 
in spring/summer) with increased obliquity. These 
trends result in an increase in the total PLD thickness, 
but a decrease in the bulk dust concentration of the 
PLD, with increased obliquity. 
Effect of Obliquity (35
o
-45
o
) with Water Sourced 
from Symmetric Polar Caps.  Under these configura-
tions, the polar regions undergo similar seasonal pat-
terns of dust and water ice accumulation and transport 
as in the present-day simulation, but substantially more 
water ice is sublimed in late spring than is accumulated 
in late summer/early spring, resulting in a net annual 
removal of tens of mm of water ice, and the formation 
of ~mm-thick sublimation dust lags that comprise the 
annual deposits. There is an increase in the annual po-
lar loss rate of water ice (and thus an increase in subli-
mation dust lag thickness) with increased obliquity. 
This results from increased late-springtime water ice 
sublimation (with greater equatorward removal of wa-
ter vapor from the polar regions by eddies in late-
spring) with increased obliquity. 
North vs. South Water Ice Stability.  All simula-
tions exhibit a greater degree of stability of water ice in 
the North polar region than in the South. In the present-
day scenario, greater annual accumulation in the North 
results from greater rates of water ice deposition (and 
influx of water vapor) during spring/summer and less 
water ice sublimation (and outflow of water vapor) 
during summer than in the South. When water ice is 
sourced from Tharsis glaciers, greater annual accumu-
lation in the North results from greater rates of water 
ice deposition (and poleward water ice transport) dur-
ing local spring/summer. When water is sourced from 
polar water ice caps at high obliquity, water ice is re-
moved annually from both polar regions, but nearly 
twice as much water ice sublimed from the South cap 
and transported equatorward during local summer 
compared to the North.  
Discussion:  Simulations predict accumulation of 
polar water ice/dust mixtures with accumulation rates 
of 0.05-25 mm/yr and volume dust-to-ice mixing ratios 
of 0.01%-10%, or creation of dust lags in the case of 
net annual water ice removal at tens of mm/yr. These 
results are generally consistent with the inferred ~0.5 
mm/yr average accumulation rate of the North PLD as 
a whole [3], and the measured bulk volume dust con-
centrations of 5% and 15% for the North and South 
PLD, respectively [1], but comparison with the bulk 
properties of the observed deposits requires a more 
complete sampling of configurations and integration of 
simulated rates over Mars’ orbital history. 
References:  [1] Grima C. et al. (2009) Geophys. Res. 
Lett., 36, L03203 [2] Kahre M.A. et al. (2006) JGR, 111 
(E6). [3] Laskar J. B. et al. (2007) Nature, 419, 375-377. [4] 
Milkovich S.M. and Head J.W. (2005) JGR, 110. [5] Peixoto 
and Oort (1992) Physics of Climate, 61-64. 
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CLIMATE FORCING OF BEDFORM MIGRATION AND CREST ALIGNMENT ON MARS: WHERE 
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Introduction:  Aeolian processes have dominated 
landscape evolution on Mars over the past ~3 Gyr, 
both by contributing to the rock record and by eroding 
it [1-4]. Over time, the morphology and activity of aeo-
lian bedforms respond to variations in wind regime and 
sediment supply [5-7], potentially leaving a record of 
climate change. However, few surfaces on Mars can be 
dated accurately enough to determine the timing of 
geological events. Meridiani Planum is the first loca-
tion for which the timing of ancient bedform migration 
and its subsequent cessation has been constrained [8], 
providing an ideal location for validation of atmospher-
ic models against ancient wind regimes inferred from 
bedform morphology. In this work [9], we have 
demonstrated that, given known variations in both at-
mospheric pressure and Mars’ orbital configuration 
over the past 400 kyr, a Mars Global Climate Model 
(MGCM) can produce a time-varying wind regime 
consistent with reconstructed bedform activity and 
crestline alignment. We also begin consideration of 
Noachis Terra with the same method to test its applica-
bility elsewhere on Mars. 
 
Figure 1. Opportunity’s view of Meridiani plains 
ripples, showing small coarse-grained ripples su-
perposed on larger ones (sol 2027, view to NW). 
Meridiani Planum:  The Mars Exploration Rover 
Opportunity traversed over tens of kilometers of 
“plains ripples” spanning much of the intercrater re-
gions of Meridiani Planum. They appear to be similar 
to coarse-grained ripples found on Earth [e.g., 10]. 
Although sand actively saltates through the area [11-
13], the plains ripples are currently inactive [12, 13]. 
The ripples consist of two sets of bedforms, one su-
perposing the other (see Fig. 1). The larger set (wave-
length ~2-4 m [e.g., 3]) is aligned nearly north-south 
(N-S) at 002.5º [14-15]; they are thought to have been 
constructed transverse to unimodal easterly winds 
(~092.5º) [14-16]. Crater dating indicates that they 
formed >~200 ka, and most recently migrated west-
ward in a period ending prior to ~50 ka [8]. The small-
er superposing ripples are about an order of magnitude 
smaller in wavelength, and are oriented NNE-SSW at 
026º [14]. These small ripples represent the last pulse 
of migration, occurring sometime after the last west-
ward migration of the larger ripple set. 
Mars Climate:  In the past 400 kyr, Mars’ orbital 
eccentricity has varied by 35%, its axial obliquity has 
varied by 20%, and its solar longitude (Ls) of periheli-
on (Lp) has cycled ~8 times [17] (see Fig. 2a-c). Each 
of these factors affects insolation at different locations 
and seasons, likely affecting wind patterns. Further, 
SHARAD data [18,19] indicate that there were epi-
sodes of elevated air pressure during this period, which 
would enhance sand transport. 
MGCM Simulations:  The NASA Ames Research 
Center MGCM [20,21] has a long history of investiga-
tion of the Martian climate. We ran the MGCM with a 
5ºx6º horizontal grid with 24 vertical levels, saving a 
full Mars Year (MY) of output (16x/sol after ~4 MY of 
spinup). We investigated the sensitivity of Mars wind 
patterns in Meridiani Planum to 29 combinations of 
orbital eccentricity, longitude of perihelion, and axial 
obliquity representative of the past 400 kyr; in addition 
we tested two different dust loading schemes. Based on 
our results, we then simulated 6 specific time-periods 
from the past 400 kyr in which bedform activity 
seemed most likely, using orbital parameters from [17] 
and corresponding air pressure increases from [19].  
Meridiani Planum Results:  For each MGCM 
simulation, we estimated potential sand flux [22] at the 
Meridiani MGCM grid cell, which when summed over 
a Mars Year leads to annual sand drift potential [23] as 
an estimate of relative bedform activity (i.e., likelihood 
of migration) among cases. The maximum gross 
bedform-normal transport (MGBNT) method was used 
to determine the bedform crest alignment likely to form 
as a result of each simulation’s wind regime at the 
Meridiani MGCM grid cell [5, 7].  
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The sensitivity study indicated that 1) higher obliq-
uity and 2) Lp near southern summer solstice (Lp=270º) 
produced strong winds that align with the N-S ripples. 
A wind pattern that would build NNE-SSW ripples 
only occurs during periods of 1) higher obliquity and 
2) Lp near northern summer solstice (Lp=90º). Howev-
er, none of these test cases produced a drift potential 
high significantly higher than that of the present-day 
case (i.e., none were likely to reactivate the plains 
rippls). Only the addition of atmospheric mass signifi-
cantly increased the likelihood of sustained sand en-
trainment (vs. the present-day), chiefly by decreasing 
the saltation impact threshold. 
 
Figure 2. a), b), c) Five MGCM cases sampled the 
last high obliquity “bump” with an air pressure 1.4 
mbar higher than at present. Results in Meridiani 
indicate d) a significantly higher drift potential 
(DP) relative to today with e) bedform crest align-
ment consistent with both sets of plains ripples. 
During the last relative obliquity maximum ~95 ka, 
[19] estimated that the air pressure was ~1.4 mbar 
higher than today. We propose that the N-S aligned 
plains ripples were most recently active during this last 
obliquity “bump” (111 to 86 ka), and that smaller 
NNE-SSW ripples superposed on the N-S ripples 
formed as the last obliquity maximum waned, as the Lp 
swung toward northern summer solstice (86 to 72 ka) 
(see Fig. 2d-e). 
Preliminary Noachis Terra Results:  Using the 
same MGCM simulations, we initiated a similar analy-
sis in central Noachis Terra (30ºE, 45ºS), where sever-
al large intracrater dune fields are active, but may have 
been constructed in an ancient wind regime. Prelimi-
nary results indicate an annual drift potential in 
Noachis Terra ~6x that in Meridiani Planum today. 
However, compared to Meridiani Planum, neither the 
simulated annual drift potential nor bedform alignment 
in Noachis Terra follow straightforward trends with 
orbital configuration and air pressure, likely as a result 
of interplay between several competing factors (e.g., 
CO2 cap extent, Hadley circulation). More comprehen-
sive analysis and investigation with a higher-resolution 
atmospheric model may prove illuminating. 
Conclusions: The agreement between MGCM 
simulated wind patterns and bedform morphology is an 
important validation of atmospheric models. It is also 
consistent with the finding of sequestered CO2 ice in 
the south polar residual ice cap, attesting to the im-
portance of considering variations in air pressure when 
studying paleo-aeolian processes on Mars. Further in-
quiry with this method, particularly using higher-
resolution atmospheric models, may prove to be of 
value to the Mars Amazonian science community. 
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Mars, 169-182. [3] Golombek et al. (2014) 8
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 Int’l Conf. 
Mars, Abst. #1359. [4] Grotzinger and Milliken (2012) In 
Sed. Geol. of Mars, 1-48. [5] Courrech du Pont et al. 
(2014) Geology, 42, 743-746. [6] Kocurek and Lancaster 
(1999) Sedimentol., 46, 505-515. [7] Rubin and Hunter 
(1987) Science, 237, 276-278. [8] Golombek et al. (2010) 
JGR, 115, E00F08. [9] Fenton et al. (2018) JGR. [10] 
Squyres et al. (2006) JGR, 111, E12512. [11] Geissler et 
al. (2008) JGR, 113, E12S31. [12] Jerolmack et al. (2006) 
JGR, 111, E12S02. [13] Chojnacki et al. (2015) Icarus, 
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THE CHALLENGE OF MODELLING MARS CLIMATE AND GLACIERS AT HIGH OBLIQUITY.  F. 
Forget1, 1Laboratoire de Météorologie Dynamique, IPSL, CNRS, Sorbonne Université BP99, 75005 Paris, France. 
The present-day Mars climate is a complex system 
in which the atmospheric dynamic is coupled with the 
dust cycle, the CO2 cycle and the water cycle. This 
system is influenced by the variations of Mars orbital 
and rotation parameters (in particular its obliquity) 
which control the distribution of insolation. Calcula-
tions have shown that Mars’ obliquity can vary widely 
between 0° and more than 60°. 
To study how the Martian environment changed at 
high obliquities and interpret how it affected the geo-
logical records and in particular the water ice reser-
voirs, we have been using numerical global climate 
models. In this talk I will discuss the challenges set by 
performing such climate simulations, due to the key 
role played by water ice clouds and the poorly known 
dust cycle. I will present new simulations performed 
with realistic clouds and discuss the possibility of lo-
cally form liquid water in such conditions.  
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Introduction:  The present day Martian climate is 
dominated by seasonal local dust storms that can grow 
to global scale. Global 3D circulation model struggle 
to match the observed frequency of global dust storms 
and can underestimate interannual variability of the 
seasonal dust cycle. Recent work demonstrates the 
broad climatological influence of radiatively active 
water ice clouds [1,2]. Tenuous clouds can modify 
near surface winds, local vertical temperature gradi-
ents, and large-scale seasonal atmospheric circulation 
patterns.. In general parameterizations for dust lifting 
are semi-empirical, globally homogeneous and depend 
to first order on the cube of the near surface wind 
speed [3]. Radiatively active water ice clouds may act 
to strengthen or suppress local dust lifting events and 
grow local storms to global scale. Here we investigate 
the influence of the martian hydrological cycle on dust 
lifting and advection in a 3D global circulation model, 
MarsCAM-CARMA. 
Model Description: MarsCAM was adapted for 
Mars in 2013 [4] from the NCAR Community Atmos-
phere Model (CAM3.1) and coupled with CARMA, a 
physically based, state of the art cloud and dust micro-
physics model developed for Earth and other planets: 
the Community Aerosol and Radiation Model for At-
mospheres (CARMA). Dust lifting is fully interactive 
and follows [3]. Atmospheric dust is independently 
advected. There are 40 dust bins with bin center radii 
logarithmically distributed between 0.01 to 8.2 µm. 
Atmospheric dust act as sites for ice nucleation. 
MarsCAM – CARMA cloud microphysics include 
physically based parameterizations for nucleation, 
growth, evaporation, sedimentation and coagulation. 
To first order, nucleation rates depend on the contact 
parameter. We define a temperature dependent contact 
angle based on [4] with extreme values of 0.6 at 150K 
and 0.97 at 240K. High nucleation rates induce compe-
tition for limited atmospheric water vapor and, in gen-
eral, cloud particles will be small with long lifetimes. 
By contrast, a low nucleation rate allows a few cloud 
particles to grow quickly to large sizes and sediment. 
The contact angle, ice nuclei population and atmos-
pheric supersaturation are therefore important for, not 
only, the radiative impact of clouds, but also for the 
distribution and transport of clouds and water vapor. 
Water ice cloud bin center radii range from 0.014  to 
118 µm. We choose the smallest ice bin radius such 
that dust and cloud bin particle masses are equal. Dust 
is carried inside the ice particles so that it can be re-
leased by evaporation.  
Results: We find that the martian hydrological and 
dust systems are extremely tightly coupled and there-
fore small variabilities in atmospheric dust load, sea-
sonal water vapor load, or local cloud cover have 
large-scale impacts. Running fully interactive cloud 
microphysics and dust lifting schemes simultaneously 
generates significant interannual variability in atmos-
pheric dust optical depth as well as the timing of local 
storm onset and strength.  
 
 
 
Figure 1: Zonal average dust optical depth [9.2 µm] 
versus latitude and time for 2 years of simulation.. 
Coupled hydrology and dust generate significant in-
terannual variability, for example, year 7 has a 
stronger dust event in the late southern summer com-
pared with year 5.  
 
Constants for the threshold wind stress required to 
initiate dust lifting as well as the dust mass lifted for 
each event are still poorly constrained. In general, we 
find that a lower wind threshold and/or a higher lifting 
constant increases the likelihood of global dust storm 
initiation.  
 
 
 
Figure 2: Zonal average dust optical depth [9.2 µm] 
versus latitude and time for simulations with (left) lift-
ing for wind stress greater than 15 mN/m2 with lifting 
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constant a=5 and (right) lifting for wind stress greater 
than 17 mN/m2 with lifting constant a=10. 
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Introduction:  The climate of Mars is strongly in-
fluenced by the polar radiation budget [1,2], which 
drives the global carbon dioxide and water cycles, and 
also buffers the mean atmospheric pressure on orbital 
timescales [3,4]. Insolation is one component of the ra-
diation budget, and infrared emission is the other. Cy-
clical changes in polar insolation during the Amazonian 
period may explain ice and dust variations in the polar 
layered deposits (PLD), which therefore represent a val-
uable climate record [5,6]. In order to work backwards 
and interpret this record [7,8], models must first repro-
duce the present-day climate of Mars, including obser-
vational constraints on the polar radiation budget. 
We used solar and infrared measurements from the 
Mars Climate Sounder [9] to quantify the polar radiation 
budget over five Mars years. Although the asymmetry 
in absorbed insolation between the north and south polar 
residual ice caps is well known, this work also revealed 
an asymmetry in the infrared emission. Based on com-
parisons with atmospheric profiles and spectral charac-
teristics [10], this asymmetry appears to be driven by 
differences in the amounts of seasonal snowfall in the 
two hemispheres. 
Approach and Methods:  The Mars Climate 
Sounder (MCS) on NASA’s Mars Reconnaissance Or-
biter (MRO) measures solar and infrared radiance from 
the atmosphere and surface of Mars in nine spectral 
bands. We used data from the solar band, and several 
infrared bands, to determine the net integrated solar re-
flectance and infrared emission at the top of the atmos-
phere. In addition, we used retrieved surface brightness 
temperatures and atmospheric profiles of temperature, 
pressure, and aerosol (ice and dust) abundance [11]. 
Thus, we are able to separate contributions from the sur-
face and atmosphere. We then used the derived bolo-
metric emissivity to fit numerical models for the surface 
energy and CO2 mass budgets, comparing the total 
fluxes of the two hemispheres. 
Results:  A substantial asymmetry exists between 
the north and south polar regions: during their respec-
tive winter seasons, the north polar region has ~15% 
lower effective infrared emissivity than the south polar 
region.  During this period, solid CO2 covers much of 
the surface. Isolating these regions, we find that the low 
emissivity of the regions covered by CO2 accounts for 
the overall reduction in infrared emission in the northern 
hemisphere. Furthermore, this low-emissivity CO2 ice is 
correlated with high atmospheric opacity due to conden-
sation of atmospheric CO2. In the atmospheric data, CO2 
snow clouds persist for much of the winter over both 
poles, but have higher number densities and are much 
more vertically extended in the north. Due to the lower 
elevation and higher surface pressures of the north polar 
region (Planum Boreum), the CO2 frost point is signifi-
cantly higher throughout the year. However, we find 
that this higher frost point temperature is effectively off-
set by the lower emissivity resulting from increased 
snowfall. 
Discussion and Conclusions: From these results, 
we infer that snowfall plays an important role in the po-
lar radiation budget of Mars. It reduces the net infrared 
emission from both polar regions, but more so in the 
northern hemisphere. This offsets the north polar ad-
vantage due to its lower elevation, and leads to de-
creased seasonal CO2 accumulation. We suggest that the 
injection of dust into the north polar night may be ulti-
mately responsible for the observed asymmetry. In turn, 
variations in the timing of Mars’ perihelion during the 
Amazonian period may have altered this coupling to the 
dust cycle, leading to changes in the net deposition of 
CO2, dust and water at each pole. 
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Figure 1:  Average infrared flux in the polar regions, 
from 70° to the pole. Error bars indicate the standard de-
viation of the measurements from the mean. During the 
winter, the north polar region unexpectedly has nearly 
identical infrared emission to its south polar counterpart. 
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HIRISE OBSERVATIONS OF RECENT PHENOMENA ON THE NORTH POLAR LAYERED DEPOSITS, 
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Introduction:  The High Resolution Imaging 
Science Experiment (HiRISE) on the Mars 
Reconnaissance Orbiter (MRO) has observed the north 
polar region of Mars during 7 summer seasons.  Here 
we summarize analyses of the north polar data, focusing 
on active and recent processes including evolution of 
steep scarps, bright and dark crossing streaks, the north 
polar residual cap, and small pits on the north polar 
layered deposits (NPLD). 
Full-resolution HiRISE images are up to 20,000 
monochrome pixels (~6 km) wide with color data in the 
central 4000 pixels [1].  Such HiRISE images of the 
north polar region at scales of ~30 cm/pixel show 
morphologic details and reflectance variations 
indicative of currently- or recently-active processes.  
The observations discussed here highlight the 
importance of both long- and short-term monitoring of 
north polar targets to further our understanding of time-
variable phenomena in this region.   
Steep Scarps:  Initially recognized in Mars Global 
Surveyor data, steep scarps in the NPLD have been 
repeatedly observed by HiRISE.  These scarps occur 
where the dark, underlying basal unit is exposed to 
erosion, undercutting the more competent NPLD and 
causing mass wasting.  Previous studies found that such 
rock falls occur primarily during late summer through 
early winter, and that the volume of wasted material is 
difficult to estimate [2].  Thermoelastic modeling 
indicates that extensional stresses are greatest in winter 
[3], generally consistent with the HiRISE observations.   
Determination of the NPLD erosion rate at these 
steep scarps is complicated by differences in 
illumination and viewing geometry between HiRISE 
images of the rock falls.  Planning repeat observations 
with nearly-identical observational geometry was 
difficult until the HiRISE team developed software to 
identify future opportunities for imaging targets with 
lighting and viewing geometry that is similar to a 
previously-acquired image.  This new tool was used 
during the northern summer of Mars Year (MY) 34 to 
acquire images that, when paired with images taken 
earlier in the MRO mission with similar observational 
geometry, are better suited to measuring changes due to 
mass wasting.  An example of such an “exact-match” 
image pair that includes clear evidence for wasting 
along a steep NPLD scarp is shown in Figure 1.  The 
MY 28 (2006) image shows blocks at the base of the 
scarp that fell before the image was acquired; these 
blocks do not appear to have changed in the 6 Mars 
years before the MY 34 (2018) image was taken. 
 
 
 
Figure 1.  Subframes of red HiRISE images of a steep scarp 
in the north polar layered deposits at 85.1°N, 237°E.  
Illumination from upper right, area shown is about 147 m 
square.  Top:  PSP_001628_2650, acquired on 1 December 
2006 (Mars Year 28), Ls = 143.6°.  Bottom:  
ESP_054663_2650, acquired on 25 March 2018 (Mars Year 
34), Ls = 149.0°.   
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North Polar Streaks:  Bright and dark streaks have 
been observed at the periphery of the north polar 
residual cap (NPRC) by previous Mars orbiters and 
were the target of repeated HiRISE observations.  The 
complex interactions between overlapping bright and 
dark streaks in some of these HiRISE images (Fig. 2) 
indicate that formation of the streaks involves processes 
more complex than simply the emplacement of dark 
veneers.  Bright and dark streaks are seen to evolve 
during the northern summer, evidence for active eolian 
redistribution of frost and perhaps darker (non-volatile) 
dust or sand.  But the sharp boundaries of the streaks 
remain unexplained.   
 
 
Figure 2:  Subframe of red HiRISE image PSP_009273_2610 
showing complex streak superposition at 80.8°N, 330.6°E. 
Residual Ice Cap:  The NPRC on Mars has long 
been known to be composed of water ice [4].  Relatively 
dark patches observed within the NPRC during the 
summer indicate that the cap is thin or transparent in 
places.  Counts of craters in MRO Context Camera 
(CTX) and HiRISE images indicate that the NPRC is 
accumulating at a rate that might result in observable 
changes in crater morphology during the MRO mission 
[5].  HiRISE and CTX images of the NPRC show few 
fresh craters.  Therefore, a campaign of HiRISE 
observations of four NPRC targets near 87°N latitude 
(the maximum latitude of the MRO ground track) was 
initiated during the Martian northern summer of MY 29 
(2008) and continued through the summer of MY 34.  
The images acquired during this campaign, with nearly 
nadir viewing geometry and similar solar azimuth, have 
been searched for evidence of current redistribution of 
NPRC material.  Only minor albedo changes are 
observed, consistent with the resurfacing rate discussed 
above. 
Small Pits in the NPLD:  Roughly circular pits 
about 1-5 m in diameter were first recognized on the 
NPLD in a HiRISE stereo pair (PSP_010198_2645 and 
PSP_010014_2645) near 84.4°N, 254.6°E.  Similar pits 
were subsequently observed elsewhere on shallowly-
sloping NPLD exposures; their depth/diameter is at least 
0.53 [6].  More recent images indicate that apparent pit 
diameters can vary seasonally (Fig. 3).  Changes 
observed over the spring and summer of multiple Mars 
Years (MY 29–33) suggest that volatiles such as CO2 
are involved in modifying these appearance of these 
features, but their origin is unknown [7]. HiRISE 
monitoring of these areas of the NPLD continues, and 
will hopefully help to constrain hypotheses for their 
formation and evolution. 
Summary:  HiRISE and other MRO data show 
evidence for multiple types of ongoing activity in the 
north polar region, consistent with the apparent youth of 
the NPRC surface [5].  The latest HiRISE images of 
recently-active features will be shown and discussed at 
the conference.   
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Figure 3.  Small pit (lower left arrow) remains open during frost cover, while the larger pit (top right arrow) is covered, or filled, 
with frost, as observed during the early spring. A)  PSP_010014_2645, MY 29 Ls 134º summer; B) ESP_034672_2645, MY 32 Ls 
65º spring; C) ESP_035173_2645, MY 32 Ls 82º late spring; D) ESP_035951_2645, MY 32 Ls 109º summer; E) 
ESP_046015_2645, MY 33 Ls 159º late summer (after [7]). 
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WIND TURBINE POWER PRODUCTION UNDER CURRENT MARTIAN ATMOPSHERIC 
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University, 725 Commonwealth Ave, Boston, MA 02215 (rathlou@bu.edu), 2Faculty of Health and Medical Sci-
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Introduction: Any mission to Mars must always 
contend with the limitations on power production 
placed upon it by mission design or location on the 
planet. For future possible missions to the polar re-
gions of Mars standard power sources will be unfit for 
the task. Solar cells will have limited or no sunlight for 
roughly half the year and the heat expunged by 
MMRTGs (or similar) would be detrimental to any 
science performed in a polar region.  
A different possible power source would be a wind 
turbine along with a battery for storing produced elec-
tricity, potentially in combination with solar cells. The 
concept of a Martian wind turbine has been explored 
theoretically in connection with manned missions to 
Mars [1,2,3,4], and along the same lines, a 100 kW 
wind turbine was designed and tested in Antarctica, a 
general Mars analog site, by NASA AMES [5]. How-
ever all the above considered large (> 5m radius) and 
heavy (> 100 kg) wind turbines which would need 
wind speeds of the order of several 10s m/s. These 
sizes and masses are unfeasible for the power supply 
for a science missions to Mars, which are generally 
much smaller and lightweight. Also, typical wind 
speeds on Mars are closer to the 2-10 m/s range [6, 7], 
making these large wind turbines useless most of the 
time.  
This paper introduces the first experimental 
demonstration of a small, light-weight wind turbine 
under simulated current Martian atmospheric condi-
tions. The objective of the wind turbine was to see how 
much power is produced under realistic Martian at-
mospheric conditions. 
 
Experimental setup and runs: The experiments 
were conducted in the Aarhus Wind Tunnel Simulator 
II at Aarhus University, Denmark [8] in the fall of 
2010.  
To simulate a Martian atmospheric environment in 
the wind tunnel, one wants to duplicate the atmospher-
ic density from Mars. Using the ideal gas law, assum-
ing equal atmospheric densities, we can write: PEarth = 
PMars  (MMars/MEarth)  (TEarth/TMars), where P is pres-
sure, T is temperature and M is molar mass of the re-
spective atmosphere. For the Martian atmosphere 
MMars = 44.01 g/mol and, for Phoenix lander condi-
tions, TMars = 203 K and PMars = 7.5 mbar. For Earth 
MEarth = 28.96 g/mol. The lab (and the wind tunnel) 
was at room temperature, TEarth = 293 K. This results in 
a desired atmospheric pressure inside the wind tunnel 
of 1640 Pa. Although it is possible to lower the tem-
perature in the wind tunnel, input dust and have a CO2 
atmosphere, none of these were utilized as it was be-
yond the scope of this experiment.  
 
 
Figure 1: (left) The wind turbine positioned in the 
wind tunnel, which is 2 m in diameter. (right) Close-up 
of the wind turbine, with the wind tunnel fan visible in 
the background.  
 
 
Figure 2: Close-up of the wind turbine central parts 
showing wing and motor connections. 
 
The wind turbine consisted of 6 wings attached to a 
generator (a 5V DC motor) and suspended on a test 
stand. Each wing was a 6 by 18 cm piece of parchment 
paper kept taut by straws on the back and attached to a 
thin wooden. The wings were angled at 45° and con-
nected to each other using LEGO Technic pins and 
angle connectors, and to the larger gear via an axle (see 
Fig. 2). Another axle and smaller gear was used to 
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connect the wings to the generator. The connected 
wings has a weight of 24.7 g and the generator 
weighed 80.7 g, putting the entire wind turbine at a 
total weight of 105 g. The generator wiring was run 
through the wind tunnel flanges to an outside circuit 
containing the resistor (either 1 or 10 Ω).   
The experiment was run at 6 different wind speeds 
(as seen in Table 1), which were chosen based on (a) 
the most common wind speeds at the Phoenix landing 
site in the northern polar regions of Mars (~ 2 - 6 m/s) 
[7], (b) the minimum wind speed needed to make the 
wind turbine rotate and (c) the maximum wind speed 
the wings could withstand. For each wind speed the 
output voltage was measured for 30-120 s. 
 
Results: The experiment was run a total of three 
times with different combinations of resistance (R) and 
generators (small motors). The initial run used a too 
small generator for the wind turbine, and highlighted 
some unevenness in the design which was corrected 
for later runs. The two other runs used the generator 
imaged in Fig. 2, and a resistance of 1 or 10 Ω, respec-
tively. Fig. 3 shows the test results for the 10 Ω run, 
which generated the highest amount of voltage. The 1 
Ω run looks similar, but with maximum output voltag-
es of 0.035 V. Each “step” corresponds to a new wind 
speed.  
 
 
Figure 3: Output voltage as a function of time from the 
wind turbine in the case of the 10 Ω experiment. The 
data in Table 1 for this experiment are calculated from 
the red data in the plot. 
 
Power produced for each wind speed was calculat-
ed from voltage, where P = U2/R (combining Ohm’s 
and Joule’s laws). The average voltage per time period 
per wind speed (red data of Fig. 3) was calculated as 
the integral over time for the indicated time periods (in 
essence, the area under the curve using trapezoidal 
sums). The average produced power vs wind speed for 
both runs is shown in Table 1. 
 
v [m/s] 
Average power produced [mW] 
with 1 Ω with 10 Ω 
4.41 0.086 0.576 
5.00 0.215 1.059 
5.59 0.382 1.633 
6.17 0.547 2.389 
6.76 0.793 3.265 
7.34 1.077 4.473 
Table 1: Average power produced for the specified  
wind speeds for the two experimental runs.   
 
Discussion: This simple experiment has shown that 
power production by a wind turbine under current 
Martian atmospheric conditions, more specifically, at 
wind speeds which are regularly seen at the Martian 
surface, is indeed possible. The optimal locations for 
this type of power production are areas where the Sun 
doesn’t always shine, but winds will blow, such as 
latitudes poleward of the polar circles.   
The output is in the few mW range, which can be 
put in relation to the maximum power output expected 
[2]: P = ½   Asw v
3, where  is turbine efficiency,  
is atmospheric density, Asw is swept area of the turbine, 
and v is wind speed. The maximum efficiency is 16/27 
as given by Betz’ law. For the wind turbine used in this 
experiment the produced power is roughly 0.5-1% of 
the maximal possible produced, highlighting the ineffi-
ciency of the design.  
There are certainly a suite of studies to be conduct-
ed before sending wind turbines to Mars, however 
most designs (singular or part of a system) will be 
more efficient than this experiment, and thus should 
lead to power production in a range that is able to sup-
port some or all instrumentation on a small lander 
(Pathfinder sized or less). For now, we can say for the 
first time and with certainty, that, YES, you can use 
wind power on Mars! 
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Introduction:  The water ice-rich layers of the 
North Polar Layered Deposits (NPLD) comprise the up-
per ~1.5km of Planum Boreum at the north pole of 
Mars, and are thought to represent long term deposition 
of ice and airfall dust during the late Amazonian [1]. 
Much like ice cores on Earth, the NPLD have the poten-
tial to provide a detailed climate record, either from re-
mote sensing analysis of vertical variation in their phys-
ical properties, or by detailed in situ analysis. However, 
both of these approaches are limited by a lack of 
knowledge on the age and deposition timescale of the 
NPLD. While shallow ice cores can be dated by count-
ing annual depositional layers or linking to atmospheric 
isotopic cycles [2], these methods would not be applica-
ble to the deep record within the bulk of the NPLD. An-
cient ice cores on Earth are dated through K-Ar radio-
metric dating of trapped atmospheric gases or entrained 
volcanic ash [3]. On Mars, radiometric dating methods 
might ultimately be necessary to determine quantitative 
ages for the NPLD. In this study, we use orbital spec-
troscopy to test whether or not the NPLD contain the 
appropriate materials for quantitative geochronology. 
Sources of NPLD lithics: Because of the significant 
elevation of Planum Boreum compared to the surround-
ing plains, the majority of lithic sediments deposited on 
the plateau are likely derived from “airfall” deposition. 
These materials could include (1) fallout of dust from 
suspension, (2) ballistic emplacement of impact ejecta 
[4,5], and (3) ballistic emplacement or fallout of vol-
canic tephra [6]. These deposits all have distinct miner-
alogies that could be used to tell them apart using re-
mote sensing. On Mars, dust is dominated by a globally 
homogenous mixture of sub-micron mineral particles 
and a large fraction of nanophase ferric oxides [7]. Prox-
imal impact ejecta from regional impacts would be com-
posed of a mix of local crystalline country rock and a 
small fraction of impact melt glasses, which decrease in 
grain size with distance from the impact, while distal 
impact ejecta from global impacts is composed of sand-
sized spherules and larger tektites that are typically 
glassy but can contain crystalline minerals depending on 
the cooling history [8,9]. Volcanic tephras range from 
crystalline to glass-rich, where glass abundances are 
significantly enhanced by water/ice interactions during 
eruption (phreatomagmatism) [10]. Typical airfall dust 
would not be a candidate for radiometric dating, but ei-
ther impact melts or volcanic tephras could be. 
Methods: Fe-bearing minerals exhibit broad ab-
sorption bands in visible/near-infrared (VNIR) spectra 
near 1 and often 2 µm, and the position and shape of 
these bands can be used to infer the presence of specific 
minerals, glasses, and mixtures of these phases [11,12]. 
Glass exhibits a 1 µm band centered at longer wave-
lengths (1.10-1.15 µm) than other mafic minerals like 
olivine (1.05-1.07 µm) and pyroxene (0.9-1.05 µm). 
This band is only clearly resolvable when glass is pre-
sent at high abundances (>~70%), but can be detected 
as a distortion on other mineral bands at moderate abun-
dances (>~50%) [12]. In addition, glass on Mars often 
exhibits a strong blue and often concave up spectral 
slope that sometimes obscures the bands altogether, and 
is ascribed to weathering of the glass surface [13-16]. 
We have analyzed the spectral signatures of 15 
CRISM MTRDR hyperspectral VNIR images over 
Planum Boreum, as shown in Figure 1. MTRDR images 
include empirical corrections for atmospheric and in-
strumental effects [17]. Mineralogical variations across 
the scenes are evaluated using spectral parameters [18] 
and confirmed with detailed spectral analysis. All spec-
tra are ratioed with spectrally neutral areas in the image 
to bring out subtle spectral variations.  
Results:: The NPLD as discussed here includes 
three mapped geologic units. The Planum Boreum 1 
(ABb1) unit is an ice-rich sequence of typically meter-
scale layers that makes up the majority of the NPLD. 
This unit has been proposed be composed of ice and air-
fall dust accumulated during periods of low obliquity 
[19,20]. Spectrally, this unit does appear to be domi-
nated by ice and ferric dust, but upon ratioing, also often 
exhibits a broad and shallow absorption band centered 
between 1.10 and 1.16 µm consistent with Fe-bearing 
glass. This band has been identified within the lower 
portions of ABb1 in locations on opposite sides of 
Planum Boreum in Chasma Boreale and Olympia Cavi. 
The higher portion of the sequence is exposed on top of 
Planum Boreum on the equator-facing slopes of the spi-
ral troughs. Here, outcrops of ABb1 grade from only 
dust to also exhibiting bands near 1.0 and 2.2 µm con-
sistent with high-Ca pyroxene. However, dark sediment 
lags on the pole-facing slopes of the same troughs, 
which are assumed to be sourced from erosion of the 
equator-facing slopes [21], exhibit blue concave-up 
slopes and broad absorption bands centered near 1.0 and 
2.0 µm, consistent with a mixture of weathered glass 
and high-Ca pyroxene. 
ABb1 is heterogeneously overlain by the Planum 
Boreum 2 (ABb2) unit, which is a dark and lithified sed-
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iment layer that also mantles the floor of Chasma Bore-
ale. This unit has been proposed to be a sublimation lag 
[22,23], but could also be consistent with a regional air-
fall deposit that postdated the erosion of Chasma Bore-
ale. In multiple locations on the floor of Chasma Bore-
ale, the unit exhibits a strong blue and concave up slope 
with no clear Fe-bands consistent with weathered glass. 
However, where ABb2 mantles the plateau above 
Chasma Boreale, the unit shows variations in Fe-ab-
sorption bands that can be attributed to mixtures of glass 
and pyroxene. In one location where it is present in 
Olympia Cavi, the unit also exhibits strong blue con-
cave-up slopes and very weak absorption bands near 
1.15 and 2.1 µm consistent with weathered glass. 
Both ABb1 and ABb2 are overlain by the Planum 
Boreum 3 (ABb3) unit, which is a thin ice-rich unit pro-
posed to represent recent and ongoing ice accumulation 
[19,20]. Where we have observed it, this unit is spec-
trally dominated ice, and does not appear to contain a 
significant non-ice component. 
Discussion: Both ABb1 and ABb2 appear to be 
dominated by spectral signatures consistent with Fe-
bearing glass, most of which exhibits the strong blue 
and concave-up spectral slope observed associated with 
glass elsewhere on Mars. Similar signatures are present 
in the underlying Cavi (ABbc) unit, within the north po-
lar sand sea, and in the broader northern plains [13]. As 
such, we cannot rule out that the glassy sediments in the 
NPLD are sourced from the surrounding plains via aeo-
lian transport; however, we do not observe deposition of 
sediments of this composition on Planum Boreum to-
day. In addition, wind models for Planum Boreum show 
that katabatic winds drive transport off of the cap, and 
are unlikely to transport materials up onto the cap [24]. 
Instead, the compositional similarity may be because 
the surrounding northern plains may be mantled by the 
same materials that were deposited via airfall onto 
Planum Boreum. 
A major result from this study is that while martian 
global ferric dust is a major component of the NPLD, it 
is not the only lithic component. Instead, both pyroxene 
and glass are also present within the NPLD, suggesting 
that either impacts or volcanism contributed sediments 
during accumulation. Compositionally, the glass-rich 
nature of much of the NPLD suggests an origin as im-
pact spherules or phreatomagmatic tephra. In either 
case, these sediments could provide both compositional 
markers for horizontal correlation of relative stratigra-
phies across the region, as well as potentially sediments 
for quantitative geochronology via K-Ar dating [25]. 
Sources of volcanic tephra deposited at the north 
pole would have to be at mid latitudes or higher (e.g., 
Alba Patera), as climate models suggest that ash is un-
likely to be significantly latitudinally transported; how-
ever, these deposits would be quite fine grained [6]. Im-
pact sources could be globally distributed [4], and 
would produce coarser deposits. Impact spherule depos-
its have been identified on Earth throughout the geo-
logic record, and typically are composed of spherules a 
few hundred microns in size forming a layer mm to tens 
of cm in thickness, depending on the size and velocity 
of the impactor [26]. The north polar layered deposits 
on Mars could thus preserve not just a quantitative rec-
ord of climate during the late Amazonian, but also a rec-
ord of the impactor flux and/or volcanic eruption rate. 
References: [1] Becerra et al. (2016) JGR 121, 1445-
1471. [2] Andersen et al. (2006) Quat Sci Rev 25, 3246-3257. 
[3] Basile et al. (2001) JGR 106, 31915-31931. [4] Lorenz 
(2000), Icarus 144, 353–366. [5] Schultz & Mustard (2004), 
JGR 109, doi:10.1029/2002JE002025. [6] Kerber et al. (2012) 
Icarus 219, 358-381. [7] Ehlmann et al. (2017) JGR 122, 
2510-2543. [8] Liu et al. (2009) GSA Sp Pap 452, 37-70. [9] 
Glass (2016) Int J Appl Gl Sci, 1-11. [10] Wall et al. (2014) 
Nat Comm 5, 5090. [11] Adams (1968) Science 159, 1453-
1455. [12] Horgan et al. (2014) Icarus 234, 132-154. [13] Hor-
gan & Bell (2012) Geology 40, 391-394. [14] Cannon & Mus-
tard (2015) Geology 43, doi:10.1130/G36953.1. [15] Minitti 
et al. (2007) JGR 112, 24. [16] Horgan et al. (2017) JGR 121, 
172-202. [17] Seelos et al (2016) LPSC 47, #1783. [18] Vivi-
ano-Beck et al. (2014) JGR 119, 1403-1431. [19] Tanaka et al. 
(2008) Icarus 196, 318-358. [20] Tanaka & Fortezzo (2012) 
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al (2010) Icarus 209, 434-451. [24] Smith & Spiga (2017) Ic-
arus, https://doi.org/10.1016/j.icarus.2017.10.005. [25] 
Deutsch & Schärer (1994) M&PS 29, 301-322. [26] Johnson 
& Melosh (2013) Nature 485, 75-77. 
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COULD A SIGNIFICANT WATER ICE CLOUD GREENHOUSE HAVE PERSISTED THROUGHOUT 
MUCH OF THE AMAZONIAN?  M. A. Kahre1, R. M. Haberle1, J. L. Hollingsworth1, and R. J. Wilson1, 1NASA 
Ames Research Center, 245-3, Moffett Field, CA, 94035 (melinda.a.kahre@nasa.gov). 
 
 
Introduction:  Clouds in planetary atmospheres 
can either cool or warm the climate system.  Clouds 
provide a negative forcing to the system by increasing 
the planetary albedo when they reside over relatively 
dark surfaces.  Conversely, clouds provide a positive 
forcing to the system in the infrared, where they absorb 
radiation and emit a fraction of it back to the surface.  
The net effect on the climate system depends on the 
relative strength of these opposing effects, which de-
pend on the cloud optical depths, altitudes, and particle 
sizes.  In Earth’s atmosphere, low clouds tend to cool 
the surface, while high clouds tend to warm the sur-
face.  A similar effect occurs in Mars’ atmosphere—
low clouds cool while high clouds warm.  Water ice 
clouds in Mars’ current atmosphere provide weak net 
annual warming of less than 1 Kelvin.  However, re-
cent climate modeling studies suggest that water ice 
clouds could have provided significant greenhouse 
warming during Mars’ recent history.   
Preliminary Mars Global Climate Model (MGCM) 
studies show that a water ice cloud greenhouse annual 
mean warming of more than 25 K is possible for mod-
erate obliquities [1,2].  If clouds warm Mars this sig-
nificantly at moderate obliquity, the planet’s climate 
could have been dominated by the effects of water ice 
clouds through much of its history.   Given the poten-
tially large effect of water ice clouds, it is important to 
critically evaluate how realistic these results are.   
The conditions necessary for a significant cloud 
greenhouse depend both on microphysical processes 
and on the characteristics of the general circulation and 
transport processes.  Thus, a model equipped with a 
state-of-the-art water ice cloud microphysics package 
is required to isolate and investigate the processes that 
control cloud formation and their effects. We have 
recently made significant progress in realistically 
simulating the current day water cycle in the presence 
of radiatively active water ice clouds with the NASA 
Ames MGCM [3,4].  Thus, it is timely for us to revisit 
this issue with the goal of understanding the plausibil-
ity of a strong water ice cloud greenhouse in Mars’ 
recent past. 
Methods: Except for modifying obliquity, we use 
the NASA Ames MGCM in a configuration that is 
identical to the one used for our current day water cy-
cle baseline simulations.  Notably, we constrain the 
atmosphere dust distribution based on observations of 
the current day dust cycle [5].  Modeling the dust cycle 
interactively is beyond the scope of the current study.  
We show results from simulations with radiatively 
active and radiatively passive water ice clouds at two 
moderate obliquities: 30° and 35°.   
Results:  Table 1 contains a summary of the annual 
mean results from Year 5 of all simulations.  Con-
sistent with previous results, radiatively active clouds 
produce an increase in the annual mean surface tem-
perature (Tg) of 14 K at 30° obliquity and 23 K at 35° 
obliquity.   While radiatively active clouds warm the 
surface at all latitudes, the warming is strongest at 
middle to high northern latitudes (Figure 1).  The ma-
jority of the warming occurs at night due the nighttime 
thickening of the clouds.  Daytime temperatures are 
not significantly affected, except at high northern lati-
tudes during summer (not shown). 
 
Sim Ap Te Tse Te-Tse Tg 
30 RA 0.33 202 K 225 K 23 K 218 
30 RI 0.26 208 K 215 K 7 K 204 
35 RA 0.35 201 K 233 K 32 K 226 
35 RI 0.26 208 K 216 K 8 K 203 
Table 1:  Overview of results from all four simulations. Col-
umns are: simulation ID (Sim), planetary albedo (Ap), effec-
tive temperature at the top of the atmosphere (Te), effective 
surface temperature (Tse), difference between Te and Tse (Te-
Tse), and surface temperature (Tg). 
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Figure 1: Annual and zonal mean surface temperature for all 
four simulations.  Radiatively active (R.A.) and radiative 
inert (R.I.) clouds are included at 30° and 35° obliquity. 
 
Significant greenhouse warming from water ice 
clouds results when the clouds are optically thick, the 
cloud particles are large enough to efficiently interact 
with infrared radiation, and the clouds form at (or are 
transported to) high altitudes where the atmosphere is 
cold.  As discussed below, all three of these conditions 
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are met in the radiatively active cloud simulations at 
30° and 35° obliquity. 
Annual mean cloud optical thicknesses from the 
four simulations are shown in Figure 2.  In the annual 
mean, clouds are optically thick at all latitudes in both 
of the radiatively active cloud simulations.  Clouds are 
the thickest at high northern and summer latitudes.   
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Figure 2: Annual and zonal mean water ice cloud optical 
depth for all four simulations.  Radiatively active (R.A.) and 
radiative inert (R.I.) clouds are included at 30° and 35° 
obliquity. 
 
It is notable that the radiatively active cloud cases 
are significantly more cloudy than the radiatively inert 
cloud cases.  These differences are due to strong radia-
tive-dynamic feedbacks that occur in the presence of 
radiatively active clouds.  Clouds that form over the 
north residual cap during summer warm the surface 
and increase the water sublimation rates, which en-
hances the cloudiness over the cap.  Atmospheric 
warming by clouds aloft at lower latitudes drives an 
enhanced Hadley circulation, which in turn produces 
more clouds in the tropics and subtropics.  As shown in 
Figure 3 for the pair of simulations using 30° obliquity, 
the enhanced Hadley circulation increases the vertical 
extent of the tropical clouds.  Particles in the tropical 
cloud belt range between 10 and 20 microns in radius, 
and particles in the polar clouds are generally larger 
than 20 microns (not shown).   
Conclusions and Future Work: We have shown 
that even modestly increasing obliquity to 30° can pro-
duce water ice cloud greenhouse annual mean warming 
of ~15 K.  At 35° obliquity, the cloud-generated 
greenhouse warming can reach more than 25 K.  
Warming from clouds occurs because they are thick, 
reside up high, and are composed of large particles 
suspended by the vigorous circulation and mixing in 
the planetary boundary layer.  In these simulations, 
permanent ice reservoirs do not form outside of the 
north polar region, indicating that water cycle is 
closed.  Taken together, these results suggests that it is 
likely that a cloud greenhouse persisted throughout 
much of the Amazonian.  If that is indeed true, there 
are important implications of these results for the dis-
tribution of ice on the surface and in the subsurface 
over time.   
Radiative-dynamic feedbacks play a key role in 
producing the conditions conducive for a significant 
cloud greenhouse.  These feedbacks will critically de-
pend on the details of cloud microphysical processes, 
such as the availability of ice nuclei (which will de-
pend on the dust cycle) and possibly the inclusion of 
coagulation.  Our future efforts will focus on under-
standing the sensitivity of our results to the details of 
the cloud microphysics in order to fully assess the fea-
sibility of a substantial water ice cloud greenhouse on 
Mars. 
 
 
-90 -60 -30 0 30 60 90
Latitude
10.00
1.00
0.10
0.01
Pr
es
su
re
 (h
Pa
)
MSF (BLACK) and Clouds 106 MMR (RED): Ls 90
20
20
40
40
60
80
100
120 140
160
10
10
10
10
100
100
100
20
0
200
300
-90 -60 -30 0 30 60 90
Latitude
10.00
1.00
0.10
0.01
Pr
es
su
re
 (h
Pa
)
MSF and Clouds MMR: Ls 90
20
40
10
10
 
Figure 3: Mass stream function (black) and zonal mean cloud 
abundance (red) at Ls 90° from radiatively active (top) and 
radiative inert (bottom) cases at 30° obliquity. 
 
 
References: [1] Haberle R. M. et al. (2012) LPSC. 
[2] Kahre M. A. et al. (2015) CCTP2. [3] Kahre M. A. 
et al. (2017) 6th MAMO. [4] Haberle R. M. et al. (2018) 
Icarus, in prep. [5] Montabone L. et al. (2015) Icarus, 
251, pp. 65-95. 
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MORPHOLOGY AND IN-SITU MEASUREMENTS OF PATTERNED GROUND IN THE HAUGHTON 
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Introduction:  Periglacial patterned ground is a 
morphological expression that has been observed in 
permafrost environments on Earth and Mars. While a 
combination of orbital and surface observations sug-
gest that patterned ground on Mars today is driven 
primarily by dry processes (i.e. sublimation or thermal 
contraction) [1][2], some workers have proposed that 
wet processes (i.e. freeze-thaw) could have occurred in 
the past during periods of high-obliquity [3]. There is 
an extensive track record of analog field work that has 
examined patterned ground in regions of Antarctica 
[1][4] and Svalbard [5] to draw comparisons to both 
contemporary and high-obliquity processes on Mars. 
We have found that while other workers have looked at 
the patterned ground in HIS [6], it has not been thor-
oughly examined with the intent of informing on proc-
esses during high-obliquity on Mars. 
The periglacial landscape inside the 23 km-wide 
Haughton Impact Structure (HIS) on Devon Island, 
Nunavut, Canada provides a unique setting among 
Earth-Mars analogs for observing patterned ground 
formed by an active wet layer. We discuss observa-
tions collected over the 2017 summer field season dur-
ing the Mars 160 simulation (M160) of the various 
types of patterned ground encountered at HIS. Obser-
vations included monitoring the temperature and mois-
ture content of the active layer, assessing the grain-size 
distribution of selected patterned ground morpholo-
gies, and the potential implications of these results in 
assessing martian patterned ground on Mars for evi-
dence of past wet active layers. 
Geological Setting: The HIS is thought have 
formed during an impact event approximately 39 Mya 
and has remained well preserved despite several peri-
ods of glaciation [7]. The intracrater environment pro-
vides both morphological and stratigraphic analogs to 
features observed on Mars that have proposed liquid 
water origins. These features include gullies around the 
crater rim, intra-crater channels, crater floor lake sedi-
ments, and an assortment of periglacial features includ-
ing patterned ground, solifluction lobes, and ther-
mokarst. 
The three primary geological units that encompass 
the study area are the Neogene-aged Haughton Forma-
tion and the Ordovician/Silurian aged Upper and 
Lower members of the Allen Bay Formation [7]. Sur-
face outcrops of the predominantly lacustrine Haugh-
ton Formation consist of post-impact silt, sand, and 
mud and surface material from the Allen Bay Forma-
tion consists of dolomitic gravels and cobbles.  
Patterned Ground: Several types of patterned 
ground were observed over the course of M160, how-
ever due to mission-planning constraints only five sites 
were selected for detailed study. A summary of each 
site can be found in Table 1. Of note, Sites 2-4 repre-
sent non-sorted, hummocky patterned ground that were 
selected specifically for having surface morphologies 
similar to the Phoenix landing site [2]. 
Temperature and soil moisture dataloggers were 
deployed to the permafrost active layer contact at Site 
1 on July 19 and were retrieved on August 14 prior to 
departure from the island. A portion of the results is 
presented in Figure 1. Most notably, the datalogger 
output details the diurnal variations in temperature 
throughout the period and demonstrate that the soils in 
the active layer remained saturated at around 37.5 
mg3/mg3 water content, which is estimated to be the 
saturation limit of the soil. 
In-situ measurements were collected at each study 
site (Table 2) including soil pH, electrical conductivity, 
and temperature that were measured from the sidewall 
of trenches excavated at each site. The active layer-
permafrost boundary was found to range between 0.3-
0.7 meters below ground surface and active layer tem-
peratures ranged from 0 C at the permafrost contact up 
to 7 C near the surface. The moisture content of the 
soil at each site is near predicted saturation limits for 
each soil type, reinforcing that patterned grounds fea-
tured in this study are undergoing modification through 
wet periglacial processes in the modern-era. 
Tables 1 and 2 – Summarized description of each study site 
and averages from in-situ measurements. 
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Discussion Alteration by liquid water is thought to 
have shaped some of the features observed in intrac-
rater environments on Mars, including evidence sug-
gesting that volatiles can be released and brought 
closer to the surface during impact [8]. Post-impact 
gullies as well as polygonal terrain and other perigla-
cial landforms that frequently form through aqueous 
processes on Earth are found to occur in Martian cra-
ters [4][9]. Soare et al [9] have suggested that while 
dry-periglacial processes can explain many of the pat-
terned ground landforms on Mars, the context of some 
polygonal landscapes in low-lying regions and the 
presence of nearby channels and gullies suggest forma-
tion mechanisms via liquid water may occur. 
The patterned ground inside the HIS was found to 
be at or near the saturation thresholds for local soil and 
thus wet-periglacial processes are thought to be the 
primary mechanism driving patterned ground evolution 
today. In context with the intracrater environment, 
many of the patterned ground and large-scale polygons 
occurred in close proximity to fluvial channels, snow 
meltwater slope streaks, and gullies. The contextual 
association of polygons and other patterned grounds 
with fluvial features and gullies are also common in 
the Argyre and Elysium regions of Mars, among others 
(Figure 2). Therefore, we propose that our results from 
studying patterned ground in the HIS can be utilized as 
an analog for wet-periglacial processes that are condi-
tionally possible under a  warmer climate on Mars, 
such as during periods of high obliquity.      
Conclusion Through in-situ observations and an 
analysis of samples collected at 5 patterned ground 
sites on Devon Island, the current modification of pat-
terned ground in the HIS through wet-periglacial proc-
esses was confirmed. Similarities in the morphological 
context of features on Mars could allow the HIS pat-
terned ground to serve as an analog for wet-periglacial 
processes during high obliquity periods on Mars. 
References: [1] Levy J.S. et al. (2008) Antarctic 
Science, 20(06), 565. [2] Mellon M.T. et al. (2009) 
JGR, 114. [3] Kreslavsky M.A. et al. (2008) Planetary 
and Space Science, 56, 289-302. [4] Levy J. et al. 
(2009) Icarus, 201, 113-126. [5] Ulrich M. et al. 
(2011), Geomorphology, 134(3-4), 197-216. [6] 
Hawkswell J.E. et al. (2018), LPS XLIX, 2899. [7] Os-
inski G.R. et al. (2005) Meteoritics and Planetary Sci-
ence, 40, 1759-1776. [8] Barlow NG et al (2003), JGR, 
108(E8). [9] Soare R.J. et al. (2014) Icarus, 233, 214-
228.  
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Figure 1 – Active layer soil moisture and temperature 
measurements recorded from the center (Probe 1) and mar-
gin (Probe 2) of a patterned ground feature. 
Figure 2 – A) HiRISE image of sorted polygons on Mars 
creating circular pattern around topographic low. B) 
HiRISE photo of patterned ground forming at the terminus 
of a gulley. C) GoogleEarth image of stream networks flow-
ing into polygonal ground in the HIS. 
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Introduction:  The polar regions of Mars bear 
massive (kilometers thick) layered deposits (PLD; 
NPLD and SPLD for the North and South, respective-
ly) made mostly of H2O ice. A widely accepted scenar-
io is deposition of both PLD during a period 6 – 4 Ma 
ago in response to a major climate change [1]. Geolog-
ically recent climate change on Mars is driven by 
changes of three spin/orbit parameters: orbit eccentrici-
ty e, spin axis obliquity θ relative to the orbit plane, 
and season of perihelion LP [2]. Of the three parame-
ters, obliquity is the main driver of climate in the polar 
regions; it undergoes quasiperiodic oscillations with a 
period about 110 ka (thousands of earth years); their 
amplitude varies reaching +/-10°, and the long-time 
average decreased from ~35° before ~ 5 Ma ago to 
~25° after ~3 Ma ago. The latter change caused overall 
migration of H2O ices from low- and mid-latitude re-
gions to the polar regions and formation of the PLD 
[1].  
Ground-penetrating radar data revealed three unu-
sual layers in the upper horizons within the SPLD in-
terpreted as layers of solid CO2 [3,4]. Their thickness is 
hundreds of meters and they are interleaved with H2O 
ice deposits tens of meters thick. No such deposits have 
been identified in the NPLD. The total mass of these 
CO2 deposits is equivalent to 610 Pa pressure [4], al-
most the same as the planet-average year-average pre-
sent-day atmospheric pressure. Assuming that the main 
stack of the PLD layers was formed 5 – 3 Ma ago, as 
discussed above, the deposits should be younger than 
~4 Ma. Before formation of these deposits the atmos-
phere was a factor of two denser. It is logical to associ-
ate their formation with low obliquity periods, because 
the atmospheric collapse at low obliquity [e.g., 5-8] it 
is the only way to form massive CO2 deposits. Location 
of the deposits in the upper parts of the PLD stack is 
reasonable, because in the early stages of the PLD for-
mation, before ~4 Ma, when the lower PLD layers 
were forming, obliquity has never been significantly 
lower than now, and atmospheric collapse was unlike-
ly. It is not obvious, however, why there are three lay-
ers, why they are in the SPLD, and why there are no 
similar layers in the NPLD. Moreover, simple consid-
erations predict that during the atmosphere collapse, 
CO2 should be deposited in the north pole, and not on 
the south [4] (see below). In [4] an advanced 1D ener-
gy balance model [8] was used to trace details of at-
mospheric collapse and obtained a few recent (younger 
than 1 Ma) episodes of CO2 deposit formation in the 
South. However, this model was essentially based on 
empirically postulated very specific seasonal behavior 
of CO2 frost albedo, which is essentially different in the 
north and in the south. While this model reproduces the 
present-day conditions well, its applicability to differ-
ent epochs is not grounded, because there is no any 
reason to extrapolate the specific present-day peculiari-
ties of CO2 ice microphysics. 
Here we propose a conceptual model that naturally 
explains the presence of a few layers of CO2 in the 
SPLD and absence of CO2 layers in NPLD without 
involvement of assumptions about different properties 
of ices on the North and South.  
Dynamics of atmospheric collapse at low obliq-
uity:  We used simple energy balance model [6] to 
understand dynamics of atmospheric collapse at low 
obliquity (Fig. 1). CO2 deposition starts in both polar 
areas and occurs at approximately equal rate. However, 
when atmospheric pressure becomes low, accumulation 
in the S polar area stops, because the surface tempera-
ture does not reach the frost point in winter. On the N 
polar area, however, accumulation continues, because 
its elevation is lower, atmospheric pressure is higher, 
and the frost point occurs at a higher temperature. This 
leads to migration of CO2 from the S to the N polar 
area. When obliquity increases, the CO2 deposit on the 
N sublimates. Therefore, during atmospheric collapse 
CO2 deposits at the S polar area are transient; they dis-
appear unless they are protected by overlying deposits.  
Conceptual model:  Our conceptual model of CO2 
layer formation is schematically illustrated in Fig. 2, 
which shows variations of obliquity from [2], calculat-
ed summer pole insolation on the basis of [2], and 
amount of CO2 in the atmosphere and sequestered in 
the PLD (schematically) for the last 4 Ma (time goes 
from the right to the left). 
To be preserved, the CO2 deposit formed at low 
obliquity should be buried by H2O ice. Such burial is 
possible, because perennial CO2 deposits are cold traps 
in the summer, they inevitably accumulate some H2O 
ice from the atmosphere; this ice can form a protective 
lag, when CO2 sublimates. This mechanism can poten-
tially protect CO2 deposits on both PLD: on SPLD 
protective lag would form early, when obliquity still 
decreasing, but atmospheric pressure already dropped, 
while on NPLD it would form when obliquity is in-
creasing. Accumulation of H2O ice is most effective, 
when atmospheric H2O vapor is abundant, which is 
likely, when some H2O ice deposits still exist at low 
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latitudes, that is earlier in the PLD formation. There-
fore, the best conditions for sequestration of CO2 in the 
PLD occur during the very first obliquity minima and 
atmosphere collapse episodes, 3.19, 3.07, and 2.94 Ma 
ago. We suggest that the observed CO2 layers in the 
SPLD formed that time; three layers might correspond 
to those 3 obliquity minima. However, if some CO2 
was sequestered in the SPLD, almost inevitably a CO2 
layer would also form in the NPLD. 
We suggest that thick CO2 layers indeed were form 
in the NPLD ~3 Ma ago, sequestering almost all pre-
sent-day CO2 inventory. However, this sequestered 
CO2 was returned to the atmosphere later, during high 
obliquity periods. It is seen in Fig. 2 that during obliq-
uity maxima 1.86 and 0.63 Ma ago, the summer-time 
insolation in the N polar region was noticeably higher 
than ever in the S polar region during the last 3 Ma, 
after the hypothesized CO2 sequestration episodes. 
During these warm periods migration of H2O ice from 
the NPLD to lower latitudes [1] could lead to exposure 
of sequestered CO2 and its quick sublimation. We hy-
pothesize that the same did not occur at the SPLD, 
because peak insolation was lower. The difference in 
the insolation patterns between N and S occurred coin-
cidentally due to specific evolution of θ and LP. Re-
sequestration of the released CO2 has not occurred be-
cause there were no deep obliquity minima after the 
0.63 Ma maximum, as well as because the low-latitude 
H2O reservoir was likely smaller than ~3 Ma ago, H2O 
vapor was less abundant, and H2O ice lag was insuffi-
cient to protect newly forming CO2 deposits. 
Some variations of this model are possible, for ex-
ample, some additional layers of CO2 might be depos-
ited and removed from both PLD at other obliquity 
minima and maxima; Fig. 2 actually shows one of such 
variants. 
Conclusion:  Our conceptual model naturally ex-
plains the presence of the CO2 layers in the SPLD and 
their absence in the NPLD. It predicts that the CO2 
deposits are older than suggested in [4], likely ~3 Ma 
old and were deposited in the earliest low obliquity 
/atmospheric collapse episode. It also predicts very low 
atmospheric pressure ~ 2 Ma – 3 Ma years ago, and 
might be even later, before the CO2 deposits in the 
NPLD were released.  
Our conceptual model perfectly consistent with ob-
servation of extinct CO2 glaciers [9]: the most exten-
sive CO2 glaciers were the oldest stratigraphically; they 
were likely formed during the first obliquity minimum, 
before some CO2 was sequestered in both PLD, and 
atmospheric CO2 reservoir was the largest. Our model 
is also consistent with observation of small impact 
crater clusters in Tharsis that suggest a lower mean 
atmospheric pressure 1-2 Ma ago [10]. 
References: [1] Levrard B. et al. (2007) JGR 112, 
E06012. [2] Laskar J. et al. (2004) Icarus, 170, 343. 
[3] Phillips R. et al. (2011) Science, 332, 838. [4] Bier-
son C. et al. (2016) GRL 43, 4172. [5] Ward W.et al. 
(1974) JGR 79, 3387–3395. [6] Kreslavsky M & Head 
J. (2005) GRL 32, L12202. [7] Armstrong J. et al. 
(2004) Icarus 171, 255. [8] Wood S. (2014) 8th Int. 
Conf. on Mars, 1495. [9] Kreslavsky M. & Head J. 
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Introduction:  The Polar Layered Deposits (PLDs) 
of Mars contain layers of dusty ice which are widely 
thought to contain a climate signal. However, it is not 
well understood how the climate records apparently 
contained in the North PLD (NPLD) relate to those in 
the South PLD (SPLD). Based on crater counts using 
Viking [1], MOLA [2], and THEMIS [3] data sets, the 
surface exposure age of the SPLD is on the order of 
10s of Myr. This model age is orders of magnitude 
greater than the NPLD surface age estimates of ~10-20 
kyr [4] or as young as ~1.5 kyr [5]. The SPLD surface 
ages from [1-3] are older than the predicted systemati-
cally higher obliquities >5 Ma, under which the NPLD 
is not likely to survive [6]. The apparent surface age of 
the SPLD and our theoretical expectations therefore 
need to be reconciled.  
The SPLD has several additional complexities rela-
tive to the NPLD. Viscous relaxation plays a role in the 
degradation of large craters on the SPLD [7], while 
this is neither observed [4,5] nor expected [8] on the 
NPLD. The SPLD has also been recently divided into 
two geologic units, Aa1 and Aa2 [9], which previous 
crater studies [1-3] have combined. The presence of 
large radar reflection free zones (RFZs) [13, 14] in the 
SPLD suggests that there were epochs of H2O and CO2 
accumulation where radar reflectors were not generat-
ed. CO2 accumulation formed RFZ3, which overlaps 
substantially with the residual cap [12].  
Two major advances have occurred since the last 
published SPLD crater catalogs [1-3]. First, Mars Re-
connaissance Orbiter’s Context Camera (CTX) [10] 
has imaged most of the SPLD (Figure 1) at 6 m/pixel 
or better. Second, significant updates to the martian 
crater production functions [11, 12] have occurred. In 
combination with the new geological mapping by Kolb 
and Tanaka [9], the additional data and refined under-
standing of martian cratering justify a new study of the 
SPLD. We can begin to compare the timing of the em-
placement of the surface units of the SPLD in relation 
to each other, as well as in relation to the NPLD.  
This abstract presents preliminary crater size-
frequency distributions (CSFDs) measured on two are-
as on the surface of Promethei Lingula. This is part of 
a larger effort to produce a CTX-image-based catalog 
of all craters on the SPLD which will be used to de-
termine if there is an age difference between the two 
surface geologic units described by [9], and to con-
strain the timing of the RFZ formation. 
 
Figure 1. The geologic units of the SPLD mapped by [8] are 
shown with the two initial count areas (in green and red).  
 
Figure 2.  Locations 
of craters within the 
initial count areas 
are shown over the 
CTX image mosaic. 
Count Area 1 is in 
red, Count Area 2 in 
green.  
 
 
Initial Crater Counting Areas: An uncontrolled im-
age mosaic of the SPLD was generated from the >3000 
CTX images that cover the SPLD, with a fixed resolu-
tion of 6 m/pixel. Craters were counted using the Cra-
terHelperTools extension (available from the USGS) in 
ESRI ArcMap®. The initial counting areas are both on 
the Aa1 unit [9] (Figure 1), and Count Area 1 overlies 
an RFZ [14] while Count Area 2 does not.  
We only counted craters outside troughs to remain 
consistent with previous PLD crater studies [4,5] and 
to avoid areas of recent exhumation. This area is dis-
tant from the two documented secondary crater fields  
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Figure 3. Differential crater size-frequency distribution 
(CSFD) plots for a) Count Area 1 and b) Count Area 2.  
 
on the SPLD [15] and we saw no morphological evi-
dence for secondaries. The CTX image coverage is 
sufficient to yield statistically significant numbers of 
craters (98 in Count Area 1, 62 in Count Area 2) in the 
initial counting areas (Figure 2). 
Crater Statistics and Model Ages: The differen-
tial SFD plots for the two count areas are shown in 
Figure 3. Craters are larger in ice than in bedrock due 
to ice’s lower strength, so the ages reported here are 
upper limits [e.g., 5].  
      In both of these preliminary study areas, the crater 
SFD cuts across multiple Hartmann [11] isochrons and 
therefore a maximum age of ~50 Myr can be deter-
mined. The slope of the best-fit line to the crater SFD 
of Count Area 1 follows the 200 Kyr isochron of 
Daubar et al [12]. For Count Area 2, the best-fit slope 
closely follows the 200 Kyr isochron of Daubar et al. 
[12] at small crater diameters before a break in slope 
around ~1-2 km diameter occurs.  
      “Ghost craters”, highly degraded features where 
only a circular feature remains (Figure 4), were identi-
fied in both counting areas. Due to the SPLD having 
more circular-pit-forming processes than the NPLD as 
well as significant viscous relaxation [7], the original 
formation mechanism of these circular features is not 
known. If the 18 craters that match this morphological 
classification are removed from the CSFD for Count 
Area 2, the best fit line slope matches the ~200 Kyr 
Daubar et al. [12] isochron.  
 
Figure 4.  A CTX image 
example of a “ghost 
crater” where only a circu-
lar feature is present.  
 
While these model 
ages represent only the 
outlined areas on Pro-
methei Lingula in Fig-
ure 2, the Hartmann 
[10]-based age fits in 
the range of 10-100Myr 
surface ages derived in [1-3] whereas the Daubar et al. 
[11]-based isochron ages are at least an order of mag-
nitude younger. The surface ages of Count Area 1 
(overlying an RFZ) and Count Area 2 (not overlying 
an RFZ) are indistinguishable.  
The hypothesis that the SPLD surface is orders of 
magnitude older than the NPLD surface is supported 
by these new data. We find that the SPLD surface may 
be younger than the last high obliquity period >5 Ma. 
Future work will expand the crater catalog to encom-
pass all RFZs identified by [13,14] as well as samples 
of both Aa1 and Aa2 units.  
References: [1] Herkenhoff and Plaut (2000). Ica-
rus doi:10.1006/icar.1999.6287 [2] Koutnik et al. 
(2002). JGR: Planets. doi:10.1029/2001JE001805 [3] 
Plaut (2005). LPSC 36, #2319 [4] Banks et al. (2010). 
JGR, doi:10.1029/2009JE003523 [5] Landis et al. 
(2016). GRL doi:10.1002/2016GL068434. [6] Levrard 
et al. (2007). JGR, doi: 10.1029/2006JE002772 [7] 
Pathare et al. (2005). Icarus. 
doi:10.1016/j.icarus.2004.10.031 [8] Sori et al. (2016). 
GRL 10.1002/2015GL067298 [9] Kolb and Tanaka 
(2006). Mars doi:10.1555/mars.2006.0001 [10] Malin 
et al. (2007). JGR:Planets doi:10.1029/2006JE002808 
[11] Hartmann (2005). Icarus 174(2), pp.294-320. [12] 
Daubar et al. (2013). Icarus 225(1):506-16, 
doi:10.1016/j.icarus.2013.04.009 [13] Phillips et al. 
(2011). Science doi:10.1126/science.1203091 [14] 
Whitten and Campbell, (2017). LPSC 49 #1238 [15] 
Schaller et al. (2005). JGR: Planets, doi: 
10.1029/2004JE002334
Acknowledgements:  M.E.L. was supported by 
NSF GRFP and GRIP, #DGE-1143653. The authors 
wish to thank the USGS Astrogeology MRCTR group 
for their assistance with this work.  
4017.pdfMars Workshop on Amazonian Climate 2018 (LPI Contrib. No. 2086)
MRO/HiRISE OBSERVATIONS OF AMAZONIAN MARS.  A. S. McEwen1 and the HiRISE Science and Op-
erations Team 1LPL, University of Arizona (mcewen@lpl.arizona.edu). 
 
 
Introduction:  The High Resolution Imaging Sci-
ence Experiment (HiRISE) [1-2] on the Mars Recon-
naissance Orbiter (MRO) [3-4] has been orbiting Mars 
since 2006.  The nominal mission ended in 2010, but 
MRO has continued science and relay operations, now 
in its 4th extended mission.  Both the spacecraft and 
instrument have experienced a variety of anomalies 
and degradation over time.  This poster will describe 
the accomplishments to date of HiRISE for the study 
of Amazonian Mars, and provides an opportunity to 
show off beautiful images. 
HiRISE obtains the highest-resolution orbital im-
ages acquired of Mars, ranging from 25-35 cm/pixel 
scale depending on MRO’s altitude and the off-nadir 
look angle.  To acquire such images with a high sig-
nal:noise ratio (SNR), HiRISE uses time delay integra-
tion (TDI), imaging each patch of ground up to 128 
times and summing the signal.  High SNR is essential 
because about half of the image brightness comes from 
scattering by the dusty air, so images with 150:1 SNR 
at the top of the atmosphere have SNR ~75 for surface 
features.  Producing sharp images over such a small 
instantaneous field of view (~1 microradian/pixel) and 
with 128 TDI lines requires very stable pointing from 
the spacecraft.   
HiRISE has 14 CCD detectors: 10 in a broad-band 
(RED) channel that cover the ~5-6 km wide image 
swath, plus 2 with a blue-green (BG) filter and 2 with a 
near-infrared (NIR) filter, producing 3-color imaging 
in a narrow central swath of each image.  Electronics 
for one of the RED CCDs failed in 2011, fortunately 
on the edge of the swath, so subsequent images are just 
10% narrower rather than having a gap.   
HiRISE accomplishments:  HiRISE has returned 
over 53,500 large (~giga-pixel) images of Mars, cover-
ing a total of 2.99% of the martian surface if all cover-
age was unique.  Given frequent repeat coverage for 
stereo imaging and change detection, the unique cov-
erage is about 2% of Mars.   
HiRISE data have been used to find the best land-
ing sites for multiple landers and rovers: Phoenix 
(2008), MSL (2013), Schiaparelli (2016), InSight 
(2018), Mars 2020 (2020), and ExoMars rover (2020).  
With sharp pixels at ~30 cm scale, HiRISE images 
identify 1 meter scale hazards such as boulders.   
Over 5,500 stereo pairs have been acquired, with 
over 500 full-resolution digital terrain models (DTMs) 
produced and archived with the PDS 
(https://www.uahirise.org/dtm/).  Many researchers in 
the community are now producing HiRISE DTMs, and 
we can help with PDS archival of any full-resolution, 
high-quality DTMs.  These DTMs are essential to 
many studies of Amazonian Mars.  
More than 1,300 peer-reviewed publications with 
“HiRISE” and “Mars” are found by NASA ADS full-
text search (Fig. 1).  Probably at least half of these 
papers are relevant to Amazonian Mars. 
 
Figure 1: Numbers of peer-reviewed journal publica-
tions as of 3/30/18 with “HiRISE” and “Mars”.   
 
MRO orbit expectations:  MRO has been in a 
sun-synchronous (nearly polar) orbit at close to 3 PM 
Local Mean Solar Time (LMST), which is usually 
close to ideal for imaging the surface because the illu-
mination angle accentuates topography while still 
providing ample signal for high SNR.  However, 
MRO’s batteries are gradually losing capacity.  To 
attempt to keep MRO functioning for another decade, a 
number of changes are being made to prolong battery 
life, including a plan to move to a later LMST (near 
4:30 PM) after the Mars2020 rover landing (Feb. 
2021).  This later time of day reduces the duration of 
eclipses, when the solar arrays are not illuminated and 
battery power must be used.   
The change to 4:30 PM LMST will provide several 
disadvantages and one advantage to HiRISE science.  
First, it complicates change detection because we can-
not re-image with similar lighting as earlier images.  
Second, it limits the latitude range of useful imaging 
within each season, reducing the seasonal range for 
monitoring polar processes.  Third, it means that stereo 
pairs must be completed more rapidly to avoid large 
changes in shadow lengths and positions, although this 
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may have an operational mitigation. An advantage is 
that relatively flat equatorial regions are better imaged 
later in the day, to accentuate subtle topographic shad-
ing.  This includes the young Elysium Planitia region 
(Fig. 2), the subject of many debates about Amazonian 
Mars.  
Off-nadir targeting is essential to Amazonian 
science:  MRO can roll up to 30° across the orbit 
ground-track several times per orbit, enabling coverage 
almost anywhere on Mars within any 2-week period 
(more frequently at higher latitudes). This enables us to 
re-image locations over a range of time intervals to 
detect changes, and the present is the key to the recent 
past.  Unfortunately, during at least 4 cycles (8 weeks) 
in 2018 off-nadir rolls were prohibited due to concerns 
about the battery anomalies.  . 
Future HiRISE images: Expect more binned im-
ages primarily because the later LMST provides lower 
brightness levels, reducing SNR. However, we can 
cover four times as much of Mars with bin-2 images 
compared to full-resolution, and ~0.6 m/pixel remains 
better than any other orbital imaging of Mars.  Many 
science objectives will benefit from the greater cover-
age. For example, long-temporal baseline (e.g., 3-6 
Mars years) bin-2 images are sufficient to observe 
many active surface processes (e.g. polar scarps, 
dunes, gullies). 
We need your help:  With little support to scien-
tists via MRO in future years, we need external scien-
tists to enter high-quality targets via HiWish: 
https://www.uahirise.org/hiwish/.  
HiRISE-2? HiRISE-class imaging is highly rec-
ommended in a study of the next Mars orbiter 
(https://mepag.jpl.nasa.gov/reports.cfm). Extending the 
high-resolution mapping and monitoring has great sci-
entific value and is essential for landing sites.  Ad-
vances in detector and electronics technologies since 
2002, when HiRISE was designed, would lead to sig-
nificantly improved images.  Advances in telecommu-
nications and in image compression would lead to at 
least 10x more coverage of Mars per year.   
 
References: [1] McEwen, A.S. et al. (2007) JGR, 
112, E05S02.  [2] McEwen, A.S. et al. (2010) Icarus, 
205, 2-37. [3] Zurek, R.W., Smrekar, S.E. (2007) JGR 
112, E05S01.  [4] Graf, J.E. et al. (2007) Acta Astro-
nautica 61, 44-51.   
 
Figure 2.  HiRISE imaging of young flat surfaces in 
Elysium Planitia will benefit from the move to later 
afternoon imaging, to enhance the subtle topographic 
shading.   Portion of ESP_054668_1865 acquired on 
March 26, 2018. Illumination from the left.  
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Introduction: One of the dominant processes on 
the surface of Mars during the Amazonian period is the 
cyclic accumulation of water ice deposits at the poles 
and mid-latitudes [1]. However, the current under-
standing of the interaction between the martian cry-
osphere and climate is limited to a low-resolution spa-
tiotemporal model, with the best coverage existing at 
North Polar Layered Deposits (NPLD) [2, 3]. 
Unlike the NPLD, which is a generally horizontal 
ice sheet lying on a broad plain [4], the mid-latitude ice 
deposits are typically found as viscous flow features 
(VFF) in areas with topographic relief, such as the 
slopes of mountains, the interiors of valleys, and the 
inner walls of craters [5]. This dependence on topogra-
phy stems from the insulating properties of a surficial 
debris layer, which accumulates as colluvium and pro-
tects the ice from direct solar radiation and sublima-
tion. Previous studies have shown that the composition 
of these features contains a significant volume fraction 
(>80%) of water ice, analogous to debris-covered glac-
iers (DCG) on Earth [6, 7].   
Climate Signals Recorded in DCG: While the 
NPLD very likely records climate signals related to 
periods of accumulation and erosion due to orbital 
forcing [8, 9], no such link has been found for the mid-
latitude ice deposits. However, it is hypothesized that 
if internal debris layers exist within the VFF, they 
would represent climate signals related to the migra-
tion of ice to the mid-latitudes with periodic orbital 
forcing, which has been shown to occur in Antarctic 
debris-covered glaciers [10] where it is thought that 
surface debris layers become buried under glacial ice 
and migrate down-glacier over time. These internal 
debris layers express themselves at the surface of DCG 
as topographic ridges aligned transverse to the direc-
tion of flow.  
Not all ridges can be attributed to subsurface debris 
layers, however, as there are other mechanisms that 
can form ridges on DCG (Figure 1) [11]. Since 
SHARAD may not have sufficient vertical resolution 
to detect potential internal debris layers in martian 
DCG, or the layers may be dipping too steeply, the 
goal of this study is to characterize the morphological 
expression of internal debris layers on terrestrial ana-
logs. This will aid our understanding of the relation-
ships between internal structure, flow evolution, and 
Amazonian climate dynamics in the mid-latitudes. 
Reconciling mid-latitude and polar climate models will 
produce a higher precision global model of Mars’ cli-
mate.  
 
Figure 1: Formation hypothesis for ridge morphologies 
on DCG. (Top) Each climate cycle is recorded by a 
debris band buried in accumulated ice. These debris 
bands migrate as the glacier advects downslope.  
(Bottom) Differences in effective viscosity between 
debris and ice layers combined with compression due 
to basal curvature lead to buckle folds with regular 
spacing (L) dependent upon upper layer thickness and 
viscosity contrast between µd and µi [11]. 
 
Analog Study Site:  Sourdough Rock Glacier 
(SRG) is a lobate feature located on the southern slope 
of Sourdough Peak near McCarthy, AK. It exhibits 
abundant transverse ridges, along the length of the 
glacier, and the goal is to determine which of these 
ridges, if any, extend into the subsurface as internal 
debris layers. Change detection from repeat airborne 
photogrammetry combined with geophysical glacier 
thickness measurements has shown that there is no 
basal sliding , thus SRG is an applicable analog to mar-
tian VFF [12].  
Previous ground-based geophysical surveys on  
SRG have produced initial estimates of glacier thick-
ness and bulk composition [12]. These surveys were 
carried out during the summer, when the surface of the 
glacier is a loose boulder field. This is both inefficient 
and treacherous for transporting geophysical equip-
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ment and conducting surveys. To test a more efficient 
method of data collection and gain greater spatial 
ground-penetrating radar (GPR) coverage over the 
glacier, a field expedition was conducted on SRG in 
March 2018. 
This expedition exploited the winter snowpack for 
more efficient glacier travel and improved electromag-
netic coupling with the surface to improve radar pene-
tration. The GPR system was mounted to a two-sled 
apparatus, assembled to ensure a constant 1 m antenna 
spacing. This method was used to collect 400 MHz and 
100 MHz GPR data; the 100 MHz data appeared to 
have better quality due to antenna geometry within the 
sled. 50 MHz data was also collected in point mode 
(manually collecting each trace) since the sled could 
not accommodate the larger 50 MHz antennas, a point 
of consideration for future studies.  
 
	
Figure 2: (Top) Map view of the GPR transects collect-
ed during the March 2018 survey, along with location 
of the automated weather station. (Bottom) GPR image 
of the transverse transect at the toe of the glacier. Red 
and blue arrows show interpreted reflections from the 
bottom of the surface debris and the base of the glaci-
er, respectively.  
 
Results: The sled-borne GPR acquisition system 
built for this expedition proved to be a successful 
method of collecting GPR data on DCG. With this 
system, an average of more than 600 m of GPR data 
were collected per day over the course of the four-day 
acquisition period. Due to the improved efficiency of 
GPR acquisition on the winter snowpack, the March 
2018 field expedition greatly increased the amount of 
subsurface imagery on SRG, while the data quality is 
comparable to previous surveys. 
One ~300 m transect (Figure 2) captured continu-
ous reflectors that are interpreted to be the base of the  
surface debris layer (~2 m depth) and the base of the 
glacier (~25 m depth) throughout nearly the entire 
length of the transect. This length and reflector conti-
nuity has not been observed in prior GPR surveys. Fur-
thermore, other reflections seen within GPR images 
could be interpreted as internal debris bands corre-
sponding to ridge morphology and climate signals.  
Conclusions: The sled-borne GPR acquisition sys-
tem that was tested during the March 2018 SRG field 
expedition succeeded in improving both the quality 
and quantity of GPR data collected for analog studies 
of martian VFF. This data will constrain the internal 
geometry and compositional distribution of SRG in 
relation to its surface morphology. This information 
will be useful in building models of both terrestrial and 
martian DCG in the context of their structure and evo-
lution in response to changing climates while also im-
proving Amazonian climate models at martian mid-
latitudes.  
Further work is needed to complete the subsurface 
characterization of SRG before it can be compared to 
its martian counterparts. Longitudinal and transverse 
transects covering the full length and width of the glac-
ier would provide sufficient information to deduce 
basal geometry, internal structure, and composition of 
SRG. While future expeditions should consider the 
challenges associated with collecting data on the steep-
er parts on the upper section of the glacier, the proven 
efficiency and continued improvement of the sled-
borne GPR system will allow for much faster survey 
completion than traditional methods.  
By characterizing the link between morphology 
and internal structure of terrestrial analogs, we can 
inform models of debris-covered glaciers on Mars and 
improve our understanding of the accumulation cycles 
of debris and ice at martian mid-latitudes. This will 
have direct implications on the distribution of potential 
resources for future exploration, estimations of the 
martian heat and water budget over orbital timescales, 
and improving global cryosphere/climate models of the 
Amazonian period leading up to the present day. 
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Introduction:  In 2017, Webster et al [1] reported 
a repeating seasonal cycle of atmospheric methane 
concentration at the Mars Science Laboratory (MSL) 
landing site as detected by the SAM-TLS instrument 
(Figure 1, circles). This amplitude of this annual cycle, 
varying between 0.23 and 0.65 ppbv,  is considerably 
smaller than previously reported methane spikes [2] at 
Gale and does not correlate in a simple way with any 
measured environmental parameter [3]. Such a cycle 
was unexpected as previous modeling of methane in 
the Martian atmosphere [4] found that seasonal differ-
ences would likely be small due to the relatively low 
enthalpy of adsorption assumed for Martian regolith 
and an absence of known subsurface sources of me-
thane. However, when an enthalpy of adsorption dif-
fering from canonical values (or different ratio be-
tween the uptake and evaporation coefficients) is con-
sidered and outgassing from the interior [5] is permit-
ted, good fits to the SAM-TLS data can be obtained. 
Methods: A 1-D model was prepared to explore 
the effect of changing the enthalpy of adsorption and to  
 
Figure 1: SAM-TLS data and the model, compared. 
allow subsurface outgassing. In the model, a deep and 
constant seep source of methane is considered, with 
this methane continuously seeping upwards via a com-
bined diffusive and adsorptive regolith. Meanwhile, 
the upper surface of the regolith stack remains in con-
tact with the atmosphere and able to exchange methane 
molecules via adsorption and these methane molecules 
may also diffuse downwards into the regolith stack. 
The atmosphere itself is modeled as having a 
thickness equal to the modeled planetary boundary 
layer thickness as a function of season [6]. To account 
for the horizontal transport or dispersal of methane out 
of the modeled atmosphere, the methane molecules in 
the atmosphere are given a defined lifetime. This is not 
the photolysis lifetime, but can instead be thought of as 
a mean residence time (termed ‘Dynamic Atmospheric 
Lifetime’ or DAL) in the atmosphere in contact with 
the regolith at Gale. Under the assumption that the 
adsorptive/diffusive system at Gale is presently in 
equilibrium, it becomes possible to determine the 
seepage rate by constraining the DAL values that pro-
vide good fits. 
4007.pdfMars Workshop on Amazonian Climate 2018 (LPI Contrib. No. 2086)
 
Figure 2: Model parameter space exploration. 
 
Results:  The model was run for a wide range of 
scenarios and the best results were plotted as Figure 1 
with the model output shown in black and the uncer-
tainty due to the uncertainty in REMS temperature [7] 
shown as the Cyan range. The best fit to the SAM-TLS 
data (circles) corresponds to a subsurface seep of 2.8 × 
10-16 kg m-2 s-1, a Dynamic Atmospheric Lifetime of 30 
sols, a surface methane enthalpy of 32 kJ mol-1 and a 
γ/η (uptake to evaporation coefficient ratio) of 1. This 
fit results in a χ2 statistic (inset of Figure 1) of 0.07, 
indicating that the model replicates the data with a 
probability of 78%. 
Other variations on these parameters are possible, 
for instance, Figure 2 shows the quality of the χ2 statis-
tic for different combinations of the enthalpy of ad-
sorption (ΔH) and the uptake to evaporation coefficient 
ratio. The white X and error bar described in Figure 2 
correspond to the current values derived from laborato-
ry studies of Mars analogue materials (e.g. [8]) and do 
not give good fits to the SAM-TLS data. However, 
good fits can be obtained anywhere along the light 
green line and can be achieved by allowing either one  
 
 
 
of the enthalpy or the coefficient ratio to vary on their 
own or in combination. 
Thus, it is possible to fit the SAM-TLS data well if 
subsurface seepage is permitted and if the adsorptive 
properties of the surface are permitted to be different 
from previous laboratory studies using simulant mate-
rials. 
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Introduction:  The cavi unit is an aeolian deposit of 
sand and water ice making up a large fraction of Planum 
Boreum in the northern hemisphere of Mars [1-8]. Ref. 
[5,7] determined an age for this unit of 10-100 Ma, mak-
ing it significantly older than the overlying ice-rich 
north polar layered deposits (NPLD). The gradational 
stratigraphic contact between cavi and the overlying 
NPLD implies that cavi strata record climate conditions 
and processes in middle-late Amazonian through recent 
times during global climate transitions, including those 
responsible of the initial emplacement of the NPLD. 
Prior studies involving imagery, spectrometry and 
radar sounding determined that cavi is composed of a 
mixture of water ice and lithic materials organized in 
aeolian cross strata [1-8]. However, there is still no con-
sensus on its precise composition and large-scale inter-
nal structure, and it remains unclear which fraction, wa-
ter ice or sand, dominates. 
Objectives: Precise constrains on composition are 
needed to determine the importance of the cavi unit as a 
water reservoir, reconstruct its accumulation history and 
understand the climatic and other processes that resulted 
in its observable morphology and stratigraphy. Using 
profiles acquired by the Shallow Radar (SHARAD, [9]) 
we estimate the cavi bulk composition, and reconstruct 
its large-scale internal stratigraphy and morphology. 
Methods:  We map the top and basal reflectors of 
the cavi unit within SHARAD profiles, obtaining time 
delay information. We determine the elevation of the 
cavi upper surface by removing the thickness of the 
overlying NPLD where present, assuming a bulk com-
position of water ice (ε’=3.1, [10]), or deriving it di-
rectly from Mars Orbiter Laser Altimeter (MOLA, [11]) 
shotpoints where the unit is exposed. We extrapolate the 
cavi basal elevation by interpolating MOLA shotpoints 
and SHARAD-derived elevations of the the surrounding 
Hbvi unit plains with a 6th degree polynomial. Then we 
calculate the cavi bulk dielectric constant with: 
ߝ′ ൌ ൬ݐܿ2݄൰
ଶ
 
where t is the two-way time delay between the top and 
basal surfaces, c is the speed of light in vacuum, and h 
is the thickness of the unit. Then, we can estimate the 
bulk composition as mixture of basalt (ε’=8.8, [12]), 
gypsum (ε’=5.4, [13], hypothesized to be present within 
cavi [14]) and water ice (ε’=3.1, [10]) by contructing a 
ternary diagram based on a mixing power law: 
ε′௠௜௫ଵ/ఊ ൌ෍߶௖௢௠௣ε′௖௢௠௣ଵ/ఊ 
where γ=2.7 for ice and sand mixtures [15] and ϕcomp is 
the component fractional volume. 
Then, we use the dielectric constant information to 
appropriately perform the time delay to depth coversion 
of the previously mapped cavi internal reflectors, 
reconstructing cavi stratigraphy as seen by SHARAD. 
Results: Our exercise reveals that the bulk dielectric 
constant of cavi has substantial spatial variability, espe-
cially between Olympia Planum and the cavi main lobe. 
Olympia Planum is covered by the largest dune field 
on Mars, and cavi makes up most of the volume under-
neath [5]. SHARAD does not detect internal reflectors 
in this region besides the basal surface. We determine a 
bulk dielectric constant ε’=6.48, a result similar to that 
obtained by ref. [16] and compatible with a basalt sand 
with ~33% porosity filled by water ice. 
Several reflectors appear in the cavi main lobe. Here 
the average bulk dielectric constant is significantly 
Figure 1: Map of computed dielectric constant across 
Planum Boreum, with superimposed topographic shaded re-
lief of the modern surface. The black line delineates the lo-
cation of profile 1294501 in Fig. 2. 
Figure 2: (a) SHARAD profile 1294501 depth corrected as-
suming bulk water ice composition (e=3.1 [10]), and (b) in-
terpretation of reflectors within cavi (blue). The putative ba-
sal surface of cavi (top of Hbvi unit) is represented in red. 
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lower than in Olympia Planum at ε’=3.79. This value 
converts to a dominant ice fraction of 66-84%, similar 
to the conclusions of ref. [6], who suggest that cavi has 
an ice content similar to that of the NPLD. Most of cavi 
internal reflectors extend 10s to 100s of km and describe 
a subhorizontal structure. Their number increases at 
higher latitudes and towards the top of the unit. 
Discussion: The dielectric constant inversion results 
indicate that the two regions of cavi unit have remarka-
bly different compositions. Our estimate of Olympia 
Planum bulk composition is compatible with typical ae-
olian sand deposits with pore space filled by water ice. 
We find plausible that a minor fraction of the water ice 
makes up thin layers within the sandy deposits, as ob-
served across all visible cavi outcrops. Gypsum may 
also make up a small fraction of the lithic component, 
but its presence is not necessary to explain our results.  
In the main lobe, water ice appears to be the domi-
nant fraction at 66-84%, far exceeding the maximum 
observed porosity of aeolian sand deposits (50%, [17]). 
The reflectors extending for 10s to 100s of km within 
the cavi main lobe are indicative of the presence of lay-
ers with significant changes in composition. We hypoth-
esize that the main lobe is made of alternating sandy and 
pure water ice layers. Based on the spatial distribution 
of the reflectors, we suggest that ice layers are more fre-
quent towards the top of the unit, thicker near the north 
pole, and become less important moving towards the 
lower latitudes of Olympia Planum. 
Several water ice accumulation models predict sub-
stantial water ice accumulation during periods of low 
spin axis abliquity just before the onset of the NPLD 
[18,19], with the thickest accumulation at higher lati-
tudes. These are soon followed by complete loss by sub-
limation. We hypothesize that some of this ice has been 
buried and preserved by aeolian sand sheets that pre-
vented complete sublimation. Similar sand mantles ex-
tending for tens of km have been observed on top of 
thick water ice [20], and within the lowermost NPLD 
[5, 21]. Therefore, we argue that previously accumu-
lated ice caps are preserved at least partially within sand 
sheets underneath the NPLD. Moreover, the high water 
ice fraction makes cavi an important water ice reservoir, 
potentially the third largest on Mars after the two PLDs. 
Ongoing and future work: Our findings of cavi 
composition, stratigraphy and morphology enable us to 
better constrain the initial conditions and parameter 
space for experiments with the Laboratoire de Météorol-
ogie Dynamique “Zoomed” General Circulation Model 
(LMDZ GCM [e.g. 22]) aimed at understanding the 
driving forces responsible of the initial emplacement of 
the NPLD on top of cavi. The preliminary results show 
water ice accumulation patterns similar to those mapped 
by Ref. [23], and suggest that both orbital forcing and 
local controls play key roles in the initiation of the 
NPLD. Water ice accumulates in larger quantities closer 
to the pole, supporting our hypothesis of thicker ice de-
posits within the cavi main lobe compared to Olympia 
Planum. 
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Figure 3: (top) Dielectric constant distribution in the two 
study areas, and (bottom) the average dielectric constant of 
both locations plotted in a ternary digram. 
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Introduction: The banded stratigraphy of the ~1 
km thick north polar layered deposits (NPLD) is ex-
posed in a series of spiral troughs that dissect the north 
polar cap [1–3]. The NPLD is believed to contain the a 
detailed record of recent climate change on Mars [4,5]. 
The internal radar reflectors and alternating surficial 
bright and dark visible layering are the hypothesized 
result of the changing fraction of water ice and impuri-
ties (e.g. dust) [6,7] related to variations in the insola-
tion cycle driven by oscillations in Mars’ spin-orbital 
parameters [8,9,5,10–18]. This has a strong effect on 
surface temperatures and therefore the seasonal and 
long-term transportation and deposition of ice and dust 
around the globe. Inferring a climate signal from the 
radar and optical stratigraphy through accumulation 
models and stratigraphic periodicity-analyses is a chal-
lenging task [e.g., 13,15,17,18]. 
The most unconstrained parameters are related to 
the dust cycle [19]. Polar layered deposit emplacement 
and accumulation models [5,13,14] and trough migra-
tion models [20] assume dust deposition rates and the 
efficiency of dust as an agent in inhibiting or abetting 
the sublimation of ice depending on dust-lag thickness. 
In addition, important unconstrained rheological pa-
rameters for geophysical modeling of the effects of 
impurities on ice flow (e.g. grain boundary sliding) 
[21] include ice grain size, dust fraction, and dust dis-
tribution. 
The correlation between the insolation cycle, 
ice/dust deposition rate, ablation, and the resulting lay-
ering is incomplete partly due to the unconstrained 
physical and compositional properties of the layers. 
Shallow radar sounding (SHARAD; 10 m vertical reso-
lution in water ice) has inferred dust content to range 
from 2-30% depending on layer thickness and reflector 
strength [11,22,23], while the average polar cap dust 
content has been estimated to be 5% [6]. However, 
connections between internal and surficial layer prop-
erties also remains unconstrained [24]. What is the 
correlation between the radar reflectors and visible 
layering (i.e. internal and surface layer properties)? 
What do they tell us about the geologic interpretations 
of physical layering processes (i.e. orbitally controlled 
dust deposition or lag production via ice sublimation)? 
How did these processes vary temporally and spatially 
within the stratigraphic record?  
To test this correlation and inferred processes we 
must first constrain the physical and compositional 
properties of the layer packages and sequences exposed 
along the trough walls. Here, we will use near-infrared 
hyperspectral data from the Compact Reconnaissance 
Imaging Spectrometer for Mars (CRISM) [25] to mod-
el the abundance and distribution of ice and dust and 
their effective grain sizes in the NPLD using Hapke-
radiative transfer modeling (RTM) [26–28]. Future 
work will include evaluation of how derived layer 
properties scale with depth, morphology, and apparent 
albedo; and discuss the applicability of the spectral 
measurements and modeled surface properties.  
Methods: The apparent albedo of the layering is 
commonly used to visually differentiate between ice-
rich and ice-poor layers in optical data such as HiRISE. 
Using brightness profiles alone to determine ice/dust 
fractions is insufficient. This is because the relative 
brightness of the layers has an indirect-nonlinear rela-
tionship with dust and ice abundance, grain size, topog-
raphy, and texture [29,30]. 
Currently, our knowledge of dust and ice abun-
dance and grain size from spectral data comes from 
Observatoire pour la Minéralogie, l'Eau, les Glaces et 
l'Activité (OMEGA) and CRISM multispectral and 
hyperspectral image cubes [31–33]. OMEGA spatial 
resolution is limited regional polar coverage 
(1km/pixel) and therefore does not capture the fine 
scale layer properties exposed along the spiral trough 
walls but instead informs us about the spectral proper-
ties of the north polar residual cap (NPRC) which over-
lays the NPLD [31].  
 CRISM provides high spatial resolution data 
(18m/pixel) allowing for spectral measurements along 
the trough walls which can then be directly correlated 
to detailed stratigraphic sequences from HiRISE. How-
ever, CRISM data has been historically underutilized in 
investigations of the NPLD’s compositional and physi-
cal characteristics. Studies have been limited to band 
depth parameters and water ice indices which give 
crude estimates of water ice or CO2 ice/frost content 
[32,33]. Reliable estimates of dust content from 
CRISM data have not been reported for the NPLD. The 
contribution of CO2 gas in the atmosphere and dust and 
ice aerosols to the surface I/F spectra, especially of ice-
rich terrain, make quantitative determination of layer 
properties difficult but not impossible. These atmos-
pheric effects are not adequately corrected for when 
standard atmospheric corrections like empirically de-
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rived volcano scans are used. Instead more intensive 
algorithms such as [34–36] are needed. 
CRISM pre-processing and modeling. Selection of 
CRISM data was limited to observations acquired dur-
ing martian northern hemisphere summer (Ls = 60-160) 
and earlier in the mission (observation years: 2006, 
2008, and 2010) to avoid the seasonal CO2 frost cover-
age and for processing of I/F spectra with higher sig-
nal-to-noise, respectively. A total of 39 CRISM FRT 
TRDR3 (Full-resolution Targeted Reduced Data Rec-
ords) were identified with coverage of trough walls 
following our selection criteria (Fig. 1).  
Our project workflow for image processing and 
modeling is as follows: 
1. correction of photometric effects of different view-
ing and incidence angles at each pixel; 
2. correction of atmospheric effects the scattering of 
dust and ice aerosols and absorption in the CO2 
gas ban [e.g., 34,35]; 
3. correction for atmospheric H2O vapor and CO; 
4. inverse Hapke-RTM of the image cube [26,27] 
using the derived optical constants of martian dust 
[37,38] and water ice [39] to derive abundance 
and grain size; 
5. Assessment of spectral fits. 
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Figure 1. Locations of the 39 CRISM 
observation (white footprints outlined 
in black) with coverage of exposed 
layering along trough walls. The se-
lected observations were acquired 
from 2006-2010 during northern hem-
isphere summer (Ls = 70-160). The 
basemap is MOLA hillshade with 
overlay of the north polar regional 
geologic units mapped by Tanaka, 
K.L., and Fortezzo, C.M., 2012 
(https://pubs.usgs.gov/sim/3177/) 
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Introduction:  Over millions of years, seasonal and 
climatic cycling of atmospheric dust, CO2, and H2O 
have been preserved in the layers of ice and impurities 
contained within the ~1,000 km diameter polar layered 
deposits (PLD) on Mars. Other than climate models, di-
rect observational evidence that can be used to constrain 
ages has been largely limited to surface cratering statis-
tics leaving the ages of the deposits and rates of accu-
mulation poorly constrained.  
 
Figure 1: Chair-cut images of the northern and south-
ern 3D SHARAD volumes illustrating notable features 
including apparent buried craters at the base of each 
deposit. 
  Despite the achievements resulting from the Shallow 
Radar (SHARAD) sounder [1] 2D radar sounding data 
(radargrams) [2]–[8], these 2D radargrams from indi-
vidual orbit passes do not allow the clear detection of 
craters within or below the deposits, thus limiting our 
ability to date the PLDs or their individual layers. 
  Using 3D volumes derived from thousands of in-
tersecting SHARAD observations [9], [10] (Figure 1), 
we present preliminary results that uncover craters bur-
ied beneath the PLD 
Data and Methods:  [9] provides an in-depth dis-
cussion of the creation of the 3-D volumes  and [10] 
provides an overview of their creation and first results, 
including preliminary mapping of craters at the base of 
the NPLD. Refer to [1] for information concerning 
SHARAD. 
Craters were detected through visual investigation 
of the 3D volumes by comparing signatures of known 
craters and partially buried craters in the surrounding 
terrains. 
Results and Discussions:   
 
Figure 2: Map of Planum Boreum showing the loca-
tions of surface craters ≥ 4 km in diameter [11] (black 
circles) and craters interpreted in the 3D volume that 
were mapped at the base of the NPLD.  Six of the pre-
viously mapped “craters” were determined to be other 
geomorphological features (red circles) and were re-
moved from our analyses. Lighter colors are higher el-
evation. Gray circle (missing topographic data) is 
~300 km in diameter. 
Using these 3D volumes, we present preliminary re-
sults that uncover craters buried beneath the PLDs. In 
the north, we have identified 21 apparent craters at the 
base of the PLD ranging in diameter from 7 to 45 km 
[10] (Fig. 2). The cumulative size-frequency distribu-
tion of these craters matches well with that of surface 
craters in the surrounding regions (Fig. 3). 
This result lends support to the prior interpretation 
from radar mapping that the surfaces on which the 
NPLD sits consist of basal units and an expected exten-
sion of Vastitas Borealis materials that are both dated as 
Hesperian, ~3.8 Ga old. Moreover, the consistency be-
tween the buried and exposed surface ages bolsters the 
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interpretation of the buried circular features seen in the 
radar volumes as impact craters [10].   
 
Figure 3: The cumulative size-frequency distribution of 
craters in the north polar region. (green crosses - sur-
face craters [11], blue squares - apparent craters at 
the base of the NPLD, black diamonds - combined 
data). 
  In the south, we have identified 23 features we in-
terpret to be craters at the base of the PLD ranging in 
diameter from 8 to 39 km. We have also identified 2 po-
tential in-ice crater. Identification of the craters is prov-
ing to be very difficult due to the rarity of basal reflec-
tors (Fig. 4), and many craters will likely be missed. 
 
Figure 4: Map of Planum Australe showing the loca-
tions of 23 apparent craters that were mapped at the 
base of the SPLD (blue circles; size of circles corre-
sponds to diameter) and2  potential in-ice craters (red 
circles; size of circles corresponds to diameter). Base 
map is MOLA 128-ppd elevation [12]. SHARAD radar 
reflections from the base of the SPLD from the 3-D 
volume (blue greater time delay, red less time delay). 
Gray circle (missing topographic data) is ~300 km in 
diameter 
Summary and continuing work: This investiga-
tory work is ongoing. Reliable and useful methods of 
detecting craters at the base of the PLD as well as within 
the PLD themselves are still being developed and tested. 
With those caveats, we have identified 21 features be-
neath the NPLD and 23 beneath the SPLD that resemble 
craters. Two features that resemble craters are within the 
ice of the SPLD. Age estimates for the north suggest that 
Vastitas Borealis extends under the NPLD and was ex-
posed to bombardment approximately the same amount 
of time as the never-covered plains. 
 Along with these methods, we are exploring the use 
of non-standard  data sets, known as attributes (e.g. sem-
blance, spectral decomposition, principal vector classi-
fication) to potentially reveal more of the information 
contained within the 3D volumes. 
Additional Information:  The 3D datasets are 
available for public use at https://sharad.psi.edu/3D/. 
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Introduction:  The polar regions of Mars have 
been the focus of attention for decades due to the sub-
stantial volatile-rich deposits that likely contain rec-
ords of variations in the Martian climate on timescales 
of years to 10s of millions of years. Subsurface radar 
sounding by the MARSIS (Mars Advanced Radar for 
Subsurface and Ionospheric Sounding) and SHARAD 
(Shallow Radar) instruments has allowed views inside 
the polar deposits that reveal their gross properties 
(volume, composition), details of internal structure 
(layer continuity, unconformities) and relationships to 
underlying and surrounding terrains. In this paper, we 
discuss the interpretation of new three-dimensional 
(3D) radar sounding image compilations of MARSIS 
data for both polar regions. 
Data sets:  MARSIS has been collecting subsur-
face sounding data since 2005. It operates simultane-
ously at 2 of 4 frequency bands (1.8, 3.0, 4.0 and 5.0 
MHz) with a 1 MHz bandwidth. The polar data sets 
consist of about 2000 orbits at each pole, taken in the 
3 higher frequency bands. Details of the compilation 
of the 3D radar imaging "volumes" are provided in 
[1]. Key features are: voxel (volume pixel) dimen-
sions 1.5 km x 1.5 km (horizontal) x 50 m (depth); 
depth correction is applied in the subsurface using a 
wave speed in pure water ice; overlapping echo 
frames from different orbits are averaged; empty 
voxels are filled with horizontally applied nearest 
neighbor interpolation; volumes are constructed for 
bands at 3, 4 and 5 MHz separately, and as combined 
products; slices are extracted for all vertical and hori-
zontal planes in each volume for individual study and 
animations. 
Discussion:  In the north polar region, MARSIS 
detects the basal interface beneath the polar plateau 
(Planum Boreum) and the Olympia Undae sand sea. 
Both the upper ("NPLD") and lower ("basal") units of 
Planum Boreum are penetrated by MARSIS, unlike 
SHARAD, which is generally attenuated in the basal 
unit [see, e.g., 2]. Averaging of overlapping observa-
tions improves the detection of the basal interface 
beneath the basal unit, but in certain areas the inter-
face is still not detected. Preliminary comparison of 
the depth-corrected position of the basal interface 
beneath the basal unit with a surface based the ex-
trapolated position of the underlying Vastitas Borealis 
unit does not indicate a mismatch, suggesting that the 
basal unit wave speed is not significantly different 
than that of pure ice. When the 3D volumes at the 3 
MARSIS frequencies are combined as a color compo-
site, frequency-dependent echo strengths are observed 
as color differences on certain buried reflectors within 
the NPLD [Figure, top]. In some cases, contrary to 
expectations, deeper reflectors are brighter at higher 
frequencies, suggesting that a wavelength-scale reso-
nance effect may control relative echo strength from 
sets of internal layers (also observed by SHARAD) 
[3]. 
In the south polar region, the 3D volumes provide 
new insights on both the deepest structure below the 
layered deposits of Planum Australe, and the distribu-
tion of widespread, presumably ice-rich Hesperian 
deposits of the Dorsa Argentea Formation (DAF) [4]. 
Analysis of early MARSIS data of Planum Australe 
[5] suggested the presence of discontinuous reflectors 
at surprisingly great depths, as much as 1 km beneath 
the generally planar basal interface. These deeper 
reflectors are well-delineated in the 3D volumes; 
some are detected strongly only in the lowest fre-
quency (3 MHz) of the studied bands [Figure, bot-
tom]. Many deep reflectors are associated with the 
Cavi Angusti "pitted" terrain, which implies that in-
tervals of debris deposition and erosion occurred prior 
to the deposition of the Planum Boreum SPLD. As in 
the NPLD, many of the continuous internal SPLD 
reflectors show frequency-dependent brightness pat-
terns. The distribution of reflectors within the Dorsa 
Argentea Formation is well-captured in the 3D vol-
umes. Multiple occurrences of quasi-circular "basins" 
with reflective floors are seen across the DAF unit. 
The relationship of these reflective features with sur-
face topography and morphology will help determine 
the origin and significance of these ancient, potential-
ly ice-rich sedimentary deposits. 
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Introduction: The Mars Reconnaissance Orbiter 
Shallow Radar (SHARAD) sounder has revealed near-
surface low reflectivity zones (LRZ; originally termed 
“reflection-free zones,” RFZ) in many areas of Planum 
Australe [1] (Fig. 1). The LRZ closest to the south pole 
atop Australe Mensa (hereinafter AM LRZ) corre-
sponds geographically to a geologic unit AA3 [2] that 
exhibits sublimation features. The AM LRZ consist of 
three distinct stacked layers, and geometric considera-
tions demonstrate that they are composed of CO2 ice 
(Fig. 2a-c), deposited during three earlier periods of 
atmospheric collapse and preserved by thin layers of 
water ice [3]. The nature of other LRZ at lower lati-
tudes remains undetermined, with none of the 
SHARAD observations examined to date providing 
definitive geometric constraints on their composition.  
Background: While CO2 ice has not been ruled out 
for the outlying LRZ, they differ in important ways 
from the AM LRZ. Surface imagery in the vicinity of 
the outlying LRZ does not generally exhibit sublima-
tion features similar to those seen in AA3, SHARAD 
reflectivity exhibits a lower contrast with surrounding 
materials relative to the AM LRZ, and there are no 
indications of distinct layering within the 
outlying LRZ as there are in the AM LRZ.  
Another difference concerns the rela-
tionship of the LRZ to a widespread signa-
ture in the radar data termed “fog,” which 
is a diffuse echo extending over a large 
range of time delay and affecting ~2/3 of 
Planum Australe [4]. In most areas (includ-
ing outlying LRZ), the fog effect begins at 
or near the surface and extends to later 
delay times corresponding to depths of 
either a few 100 m or several km. Howev-
er, in Australe Mensa, the fog does not 
begin until the base of the LRZ, which 
could be an indicator of a different compo-
sition relative to the other LRZ. In addi-
tion, climate modeling of atmospheric-
collapse episodes [5] suggests that CO2 
accumulation is highly concentrated at the 
highest latitudes.  
A possible explanation is that the outly-
ing LRZ may be nearly pure water ice de-
posited in an era when atmospheric dust 
was nearly absent. Such conditions may 
occur coeval with times of CO2 accumula-
tion closer to the pole, when the at-
mosphere may be incapable of lifting dust. 
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Figure 1. MOLA shaded relief map of Planum Aus-
trale and environs, showing the extent of low reflec-
tivity zones (colored polygons) identified in 
SHARAD 2-D profiles [9] and in a 3-D volume 
(grid dots every 50th inline/crossline, ~24 km).
Figure 2. SHARAD profiles in delay time (a, d) and depth-corrected 
assuming subsurface properties with (b, e) water ice everywhere and 
(c, f) CO2 ice in the LRZ and water ice elsewhere. In Australe Men-
sa (a-c), layering distortion (at green arrows) is not fully removed if 
LRZ are water ice (b), but it is removed if they are CO2 ice. In 
Promethei Lingula (d-f), the LRZ overlies an unconformity (at or-
ange arrows). The thinner LRZ (vs. Australe Mensa) and the deeper 
structure (at rightmost green arrows) disallows the composition test.
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Methods: We are working to constrain the compo-
sition of the outlying LRZ, using the recently produced 
3-D SHARAD data volume that encompasses the en-
tire Martian south polar ice cap [6, 7]. The 3-D imag-
ing is very effective at correcting off-nadir surface 
clutter and subsurface geometries (Fig. 3), and first 
looks at the data in Promethei Lingula showed promise 
for revealing useful geometric constraints on the LRZ 
found there.  
Results and Discussion: Work is ongoing, but 
despite the geometric corrections and improvements to 
the overall signal-to-noise ratio provided by the 3-D 
radar imaging process, we have so far remained unable 
to clearly distinguish between CO2 and H2O composi-
tion in the Promethei Lingula RFZ (Fig. 2d-f). A pri-
mary challenge is that the 3-D processing has resulted 
in degradation of vertical resolution in the volume rela-
tive to the input single-orbit observations by a factor of 
~2 (Fig. 3). An effort is underway aimed at regaining 
most of the resolution degradation by using more so-
phisticated techniques to eliminate residual delays in-
troduced by passage of the SHARAD signals through 
the Martian ionosphere which vary along track and 
from one track to another [8]. Additional climate-mod-
eling work is also needed to better establish whether 
the accumulation of water ice is expected at these lati-
tudes during times of atmospheric collapse and accu-
mulation of CO2 ice at the highest latitudes.  
For this workshop, we will report on progress of 
this ongoing study to map and characterize the LRZ 
throughout Planum Australe using the SHARAD 
datasets. 
References: [1] Phillips R. J. et al. (2011) Science 
332 838–841. [2] Tanaka K. L. et al. (2007) 7th Int. 
Mars Conf., Abstract #3276. [3] Bierson C. J. et al. 
(2016) Geophys. Res. Lett. 43, 4172–4179. [4] Whitten 
and Campbell (2018), LPS XLIX, Abstract #1238. [5] 
Wood S. E. et al. (2016) LPS XLVII, Abstract #3074. 
[6] Foss F. J. et al. (2017) The Leading Edge 36, 43–
57. [7] Putzig et al. (in press) Icarus, doi:10.1016/j.i-
carus.2017.09.023. [8] Campbell B. A. et al. (2014) 
IEEE Geosci. Remote Sens. Lett. 11, 632-635. [9] 
Whitten J. L. et al. (2017) Geophys. Res. Lett. 44, 
8188–8195.
Figure 3. Radar profiles for SHARAD observation 27683-01 (left) and from the 3-D imaged volume extracted 
along the same track (right) crossing the LRZ in Promethei Lingula. Upper panels are shown in delay time with 
lower panels converted to depth assuming pure water ice (𝜖ʹ = 3.15) in the subsurface. The ground track including 
a depression that results in complex “bow-tie” clutter returns (white arrows) in the single-orbit observation. While 
the geometry of subsurface layers and off-nadir surface clutter is largely corrected by the 3-D imaging, a loss of 
range/vertical resolution is evident. Yellow line in upper left panel represents the MOLA-determined delay time to 
the nadir surface. Profiles show radar return power (high: red/white; low: black). 
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ATMOSPHERE-REGOLITH INTERACTIONS WITH A SALTY MARTIAN REGOLITH: THE ROLE OF 
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Introduction: Perchlorate salts have now been 
identified in-situ by the Phoenix lander (PHX) [1], 
potentially at the two Viking sites [2], by the Mars 
Science Laboratory (MSL) [3], possibly in the form of 
hydrated calcium perchlorate [4], and from orbit at 
sites with recurring slope lineae activity [5]. Such salts 
are interesting because of their ability to transition 
from a solid crystalline form into an aqueous solution 
given the appropriate environmental conditions (i.e., 
deliquescence) [6-9]. Were such transitions possible on 
present-day Mars, which depends on the kinetics of the 
process [8], deliquescence could act as a sink/source 
for near-surface water vapor on short timescales.  
Hygroscopic salts, such as Ca(ClO4)2, could also 
undergo hydration/dehydration cycles since some have 
multiple hydration states. For example, calcium per-
chlorate has the tetrahydrate and octahydrate states [9]. 
Water uptake to produce the hydrate and subsequent 
release to produce the anhydrous or a lower hydrate 
form could potentially be another water vapor 
sink/source for atmosphere-regolith interactions on 
present-day Mars. Production of a stable hydrate form 
(one that does not dehydrate) could also act as a long-
term water reservoir in the martian subsurface, poten-
tially forming a perennially “wet” layer at depth [10].  
Here we explore the role of a salty martian regolith 
on the near-surface water cycle on short timescales 
through either production of transient liquids or hydra-
tion/dehydration cycles of salts in the shallow subsur-
face. Data from MSL’s Rover Environmental Monitor-
ing Station (REMS) along with a heat and mass trans-
fer model [11] is used to investigate these processes in 
the subsurface. Additionally, the shallow subsurface 
conditions at PHX are simulated. The locations of 
these two missions are advantageous because they rep-
resent extreme conditions, the polar and equatorial 
regions, respectively. Thus, we can explore the varia-
tion of each process with respect to geography (lati-
tude), terrain (thermal inertia), and availability of at-
mospheric water vapor. 
REMS Data Analysis:  MSL’s REMS is a suite of 
sensors recording daily air temperature, relativity hu-
midity, wind speed and direction at 1.6 m, along with 
the ground temperature, pressure, and ultraviolet radia-
tion of the martian surface. Corrections to the data are 
applied to eliminate the rover’s influence as well as 
other factors that may be altering the measurement 
accuracy. Here, we used REMS measured air relative 
humidity w.r.t. ice (RHia) and air temperature (Ta) at 
1.6 m as well as the ground surface temperature (Tg) 
through sol 1648. Ground relative humidity (RHig) was 
inferred assuming water vapor pressure is constant 
through the 1.6 m air column. Tg has a typical system-
atic error of ±1 K during daytime measurements, up to 
±10 K at nighttime, while uncertainty in RHia is ±10% 
for 203 K ≤ Ta ≤ 243 K and ±20% for Ta < 203 K [12]. 
Propagating error, we found that most low RHig have 
large errors that do not preclude the possibility of  
RHig < 0%; therefore, this data was not included.  
Results:  In Fig. 1, we show the REMS data in 
terms of relative humidity w.r.t. liquid along with the 
Ca(ClO4)2 liquid phase diagram. Accounting for up-
dated REMS data calibrations and comparing relative 
humidity values in consistent phase space, we found 
that no measured environmental conditions favor deli-
quescence of calcium perchlorate at the surface. Ac-
counting for error, we found that to the 1-s level deli-
quescence is still not favored; however, to the 2-s lev-
el in Tg there are two points on sols 1232 and 1311, Ls 
99° and Ls 137° respectively, that could be within the 
liquid phase. These values, delineated in Fig. 1, oc-
curred while the rover was near active sand dunes dur-
ing the early morning and late evening. 
 
Figure 1. REMS data (cyan) compared to the liquid phase 
diagram of calcium perchlorate, where blue is DRH, red 
ERH, and black the ice line. Sol 1232 (magenta) and 1311 
(purple) are shown with 2-sigma error.  
Modeling:  We apply a fully coupled, heat and 
mass transfer model to simulate the subsurface condi-
tions at the PHX and MSL sites [11]. The thermal sur-
face boundary condition is radiative and includes direct 
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illumination, along with the scattering and thermal 
emission atmospheric components. Water vapor diffu-
sion through the regolith is approximately Fickian, 
undergoes diffusion advection, and follows 𝐽"# = 𝜑𝜏𝜇 (𝐷*+,/.,+ 𝑃𝑅𝑇 𝑑𝛾𝑑𝑧 + 𝐽"#6,																													(1) 
where 𝜑 = 0.5 and 𝜏 = 2, are porosity and tortuosity 
respectively, 𝜇 is the ratio between the molecular 
weights of H2O and CO2, 𝐷*+,/.,+ is the diffusivity of 
water vapor through CO2 gas, P is air pressure, R is the 
ideal gas constant, and 𝛾 is water vapor mixing ratio. 
Perturbations to diffusion, such as adsorption, are not 
considered.  
For MSL, REMS in-situ surface humidity meas-
urements are applied as a surface boundary condition. 
Various terrain thermal properties are explored as con-
strained in [13]. For PHX, we include an ice table at a 
depth of 10 cm and account for diffusion. Soil thermal 
properties are derived from [14], with an albedo of 0.2 
and thermal inertia of ~300 J m-2 K-1 s-1/2. 
Results:  Thermal diffusion was simulated to a 
depth of 4 m with an element thickness of 0.01 m and 
time step of 370 s. Besides looking for favorable con-
ditions for deliquescence, we also investigated hydrate 
phases as a function of temperature-humidity.  
 
Figure 2. Simulated subsurface conditions (gray scale) for 
the typical terrain encountered by MSL on the hydrate phase 
diagram of calcium perchlorate, where green is the tetrahy-
drate boundary and magenta is the 8:4 boundary. Gray scale 
represents depth from light to dark of 1 cm, 5 cm, 10 cm, 15 
cm, and 20 cm.  
In Figure 2, we show the hourly temperature and 
relative humidity throughout a martian year at Gale 
crater for the typical terrain encountered by MSL (350 
J m-2 K-1 s-1/2, albedo of 0.2) at various depths, from  
1 cm to 20 cm. Environmental conditions are com-
pared to the hydrate phase diagram of calcium perchlo-
rate. Results suggest a hydration cycle may be active in 
the shallow subsurface, with calcium perchlorate po-
tentially transitioning between the octahydrate, tetra-
hydrate, and anhydrous; however, recent experimental 
results demonstrated that dehydration to the anhydrous 
was only possible at T~290 K [15], which is not 
achieved at Gale. This may suggest the hydration cycle 
is limited to only the hydrated phases. Below some  
15 cm, the temperature-humidity wave is dampened 
sufficiently to limit the time conditions would permit 
the formation of the tetrahydrate. Therefore for depths 
below 15 cm, the predicted stable phase of calcium 
perchlorate is the octahydrate, though depending on 
the kinetics of the process, an 8:4 transition may be 
inhibited. An active diurnal hydration/dehydration cy-
cle, thus, may only occur at shallow depths.  
Conclusions:  Results shown in this abstract are for 
Gale crater, using MSL as constraints; however, results 
for PHX and a comparison between these contradis-
tinct latitudes will be presented at the workshop.  
Data analysis suggests the surface environmental 
conditions of Gale crater as explored by MSL in the 
first 1648 sols are not favorable to the deliquescence of 
calcium perchlorate. On the other hand, subsurface 
simulations suggest that for certain terrains, specifical-
ly those with low thermal inertia (e.g., terrains of loose 
materials and active sand dunes), deliquescence is fa-
vored in the shallow subsurface. Assuming typical 
perchlorate salt concentrations (~0.5 wt% [3]) and that 
all the salt enters solution, brine abundance is expected 
to be low, up to ~1 wt% with ~0.5 wt% water in the 
regolith, and last for only 1 hr for a limited number of 
sols. Therefore at Gale crater, and potentially at other 
equatorial regions, deliquescence may not be an effi-
cient sink/source for atmospheric water vapor. At polar 
regions, such as PHX, deliquescence is expected to 
play a more active role [9].  
Simulations suggest that the shallow subsurface 
would permit for a diurnal hydration/dehydration cycle 
between the octahydrate and tetrahydrate. Assuming 
typical salt concentrations in the regolith, this results in 
an exchange of some ~0.2 wt% water vapor in the reg-
olith. Salt hydration is thus comparable, in terms of 
magnitude, to deliquescence at Gale crater; however, 
hydration may occur throughout the year while deli-
quescence is limited to a few sols.  
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Introduction:  New results show that cold-climate 
silica mobility is more efficient than previously report-
ed, and is the dominant weathering process in glaciated 
mafic bedrock. Based on field work at glaciated vol-
canic sites, we hypothesize that this is due to both high 
rates of silica dissolution from mafic bedrock and re-
precipitation of silica in the form of opaline silica coat-
ings and other poorly crystalline silicate alteration 
phases in proglacial sediments. Widespread evidence 
for past and present-day glaciation on Mars [1-4] 
means that this cycle must be investigated in order to 
better interpret alteration signatures on the surface of 
Mars, especially those in the north polar deposits [5-7]. 
Amorphous silica in this settings could be interpreted 
as mineralogical evidence for alteration by meltwater 
sourced from ice or snow. 
Field study: To investigate meltwater-driven sili-
ca cycling on mafic volcanic bedrock, water and rock 
samples were collected during June 2015 and July 
2016 from glaciated volcanic bedrock in the Cascade 
Volcanic Arc: Mount Adams (46º9’N, 121º27’W), 
Mount Hood (45º21’N, 121º42’W), Middle Sister 
(44º9’N, 121º46’W) and North Sister (44º10’N, 
121º47’W). Dominant bedrock compositions for each 
site are detailed in Table 1. Evidence for subglacial 
precipitation of poorly crystalline silica was found at 
North and Middle Sisters in the form of striated rock 
coatings on recently deglaciated lava flows (Fig 1) [8] 
and in a silica-enriched poorly crystalline component 
of glacial flour from proglacial till deposits [9].  
Results: Figure 1 shows a representative thermal 
infrared spectrum of a rock coating from the North 
Sister proglacial plain. It exhibits similar absorptions 
to opaline silica and an Al-Si gel, indicating that it is 
composed primarily of poorly crystalline silica. Figure 
2 shows the mean glacial outwash stream silica con-
centrations. The mafic bedrock sites have greater con-
centrations of silica in glacial outwash waters com-
pared to the felsic sites. Within each mafic field site, 
the highest silica concentrations were measured in mo-
raine-sourced springs. 
Silica cycling in terrestrial glacial systems The 
high rate of bedrock comminution in subglacial envi-
ronments results in high rates of both chemical and 
physical weathering, due to the increased reactive min-
eral surface area formed through glacial grinding. In 
most bedrock types, carbonate weathering is enhanced 
and silica fluxes are depressed in glacial outwash com-
pared with global average riverine catchment runoff 
due to low temperatures and short residence times [10]. 
However, in mafic systems, higher dissolved SiO2 
concentrations have been observed [11-13]. Addition-
ally, remote sensing has identified high-silica zones in 
proglacial outwash plains on mafic bedrock [14]. 
Water composition. The major difference between 
glacial alteration of volcanic bedrock and more typical 
continental terrains is the absence of significant dis-
solved carbonate in the former. In the absence of car-
bonate minerals which normally dominate dissolution 
processes at glacier beds [10], carbonation of feldspar 
can become the dominant weathering process [11]:  
 
   CaAl2Si2O8(anorthite) + 2CO2(aq) + 2H2O(l) ó            (1) 
   Ca2+(aq) + 2HCO3-(aq) + H2Al2Si2O8(s)weathered feldspar 
 
This reaction coupled with further alteration can result 
in a high proportion of dissolved silica fluxes in glacial 
outwash waters compared to the total cation flux. It is 
thought to be the dominant reaction in volcanic sys-
tems due to the lack of carbonate mineral dissolution, 
which would otherwise quickly saturate the aqueous 
system. Mafic volcanic rocks are particularly suscepti-
ble to silica mobility, due to the high concentration of 
soluble minerals (i.e. plagioclase) as compared to the 
high concentration of insoluble quartz found in felsic 
rocks [15]. 
Subglacial deposits. Silica concentrations are 
measured from glacial outwash samples, and thus re-
flect only the dissolved silica that is actively removed 
from the subglacial environment. Based on multiple 
observations of subglacially precipitated silica phases, 
we hypothesize that subglacial precipitation of silica-
rich secondary minerals likely contributes to lowering 
silica fluxes in glacier outwash waters [16]. Subglaci-
ally-deposited silica coatings have been observed at 
mafic volcanic glacial margins [8,17], subglacially-
sourced fluvial deposits in basaltic terrain in Iceland 
were found to have a poorly crystalline silica alteration 
component [18], and new analyses of mafic glacial 
flour appear to include a silica-rich poorly crystalline 
alteration phase [9,19]. Thus, dissolved silica concen-
trations in subglacial zones are most likely greater than 
measured in glacial outwash studies. 
Discussion: This field study demonstrates that 
more mafic glaciovolcanic sites have, on average, 
higher concentrations of dissolved silica compared to 
more felsic glaciovolcanic sites (Figure 2). Though 
basalts have lower SiO2 content than more felsic vol-
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canic rocks, they are more susceptible to silica mobili-
ty due to their higher content of minerals such as oli-
vine, pyroxene, and plagioclase, which are more solu-
ble than quartz [15]. 
Applications to Amazonian Mars The significant 
effect of water and ice on the surface of Mars is well 
documented [1]. Chemical and mineralogical evidence 
strongly indicates aqueous alteration on Mars [5-7], 
and atmospheric modeling shows evidence for periodic 
climate change, including ice ages, during the Amazo-
nian [3,4]. Poorly crystalline phases should be a major 
product of snowpacks and localized wet margins of the 
ice sheet [20]. Additionally, silica is thought to be 
highly mobile on the surface of Mars [15]. Poorly crys-
talline silica deposits should thus not be interpreted as 
only hydrothermal; rather, morphology and context 
should be used to rule out an origin related to glaciers 
or alteration of glacial sediments. 
Extensive high SiO2, poorly crystalline deposits 
have been modeled in Northern Acidalia [5,6], con-
sistent with low-T weathering of volcanic glass. The 
spectra in [6] particularly resemble those of the altera-
tion products documented in this study, suggesting that 
a poorly crystalline silicate component is present in the 
northern lowlands of Mars in addition to leached glass. 
Furthermore, hydration signatures have been identified 
in northern polar sediments, indicating significant wa-
ter activity in that region [7]. These detections corre-
spond to Amazonian terrains, suggesting that poorly 
crystalline phases are a significant component common 
in younger terrains, as opposed to the large number of 
detections of crystalline clays documented in ancient 
terrains [20]. We hypothesize that these phases may be 
indicators of a cold and intermittentently wetted (e.g. 
episodic snowmelt) climate regime on Amazonian 
Mars such as one dominated by widespread ice sheets 
and glaciers [4, 20]. 
Conclusions: Glacial meltwater-driven silica dis-
solution on mafic, low-carbonate bedrock may be more 
important than previously thought for understanding 
Mars-relevant processes, especially in the northern 
polar deposits. This cycle is most likely driven by the 
lack of immediately available carbonate minerals re-
sulting in silicate-dominated weathering reactions, 
relatively high water-rock ratios, and/or long residence 
times. These results are further discussed in [14]. 
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Figure 1. Rock sample measurement: representative 
TIR lab spectrum of subglacial rock coating exhibits 
similar absorptions to Al-Si gel and opaline silica. 
 
 
 
Figure 2. Bedrock composition vs. dissolved silica in 
meltwater at field sites. Data from [14, 21]. 
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EXPERIMENTAL SIMULATION OF DELIQUESCENCE AND IMPLICATIONS FOR BRINE 
FORMATION AT THE MARTIAN SURFACE. R A. Slank, V. F. Chevrier, Arkansas Center for Space and 
Planetary Science, University of Arkansas, 346 Arkansas Ave., Fayetteville, AR 72701, rslank@uark.edu. 
 
 
Introduction:  Variability in the parameters of Mars’ 
orbit allows for mass transport of seasonal water vapor 
from the equatorial regions to the poles. The stability of 
this water ice on Mars is largely due to the diffusive and 
thermal properties of the regolith.  While diffusion can 
explain this process over large timescales, the dynamics 
of water vapor at shorter timescales (day to year) remain 
largely unknown.  Local effects, mostly related to phase 
changes of water, including adsorption [1], melting of 
ice [2], interaction with hygroscopic salts, like 
perchlorates [3, 4, 5] through hydration, deliquescence, 
and dissolution [2, 5, 6], the presence of an ice layer [1], 
can all be attributed to this uncertainty.  Therefore, 
deliquescence experiments were conducted in a 
simulation chamber that can mimic Martian pressure, 
temperature, and atmospheric composition. These 
experiments are vital in understanding how the water 
vapor diurnal or seasonal cycle can allow for the 
creation of liquid water on the surface of Mars. 
 
Methodology: A series of experiments were conducted, 
which focused on determining water vapor transfer and 
deliquescence by weight, temperature, and relative 
humidity between the atmosphere and a layer of JSC 
Mars-1 regolith simulant with varying concentrations of 
Ca(ClO4)2 (1-5 wt.%). The experiments were conducted 
to understand the range over which deliquescence may 
account for brine formation and to isolate the effects of 
variables like, salt concentration, presence and, and 
localized effects of minerals like nanophase ferric 
oxides. All the experiments were conducted in the Ares 
Mars simulation chamber at the University of Arkansas.  
The temperature varied from -15˚ to 8˚C. A lithium 
chloride humidity buffer was placed in the chamber, 
near the sample, creating a stable humidity in the 
chamber. JSC Mars-1 was baked for 24 hours above 
100˚C, placed in a desiccator, vacuumed, and then 
placed in a freezer to cool to Martian conditions. The 
JSC Mars-1 regolith varied from 0.5-3.5 cm in depth. 
The calcium perchlorate salt was placed in a desiccator, 
vacuumed, and then placed in a freezer. The calcium 
perchlorate was weighed at 1 or 5wt% and then evenly 
mixed within the regolith.  
 
Results and Discussion: Using a lithium chloride 
humidity buffer (maintaining an average humidity of 
11.2% ± 0.5 at 0˚C in the atmosphere) at the minimum 
weight percent and sample depth we found potential 
deliquescence at the surface, through visual 
observations, temperature and humidity changes, and 
increase in mass. The lithium chloride humidity buffer 
(Fig. 1 and Fig. 2), sampled over the humidity buffer 
and in the lower chamber, oscillated between 6% and 
9% RH throughout the experiment.. These humidity 
values are to be expected for temperatures below 0˚C. 
However, the humidity varied between 19% and 29% 
above the sample, stabilizing out around 26%, after 
approximately one hour.  
 
Temperatures profiles exhibited had two major 
variations. The first one happened within the first few 
minutes of the experiment and is caused by the vacuum 
removing the air from the chamber. The most noticeable 
change in the first few minutes was the temperature 
from the upper chamber. When the chamber lid is open 
this thermocouple is exposed to the lab’s environment. 
As the lid closes the thermocouple is lowered back into 
the cold atmosphere, hence the temperature drop. The 
second variation is most noticeable with the sample 
temperature and RH buffer. At approximately the 15 
minute mark the sample and buffer temperatures 
increase. The RH buffer rapidly increases by 3˚C and 
then decreases, before stabilizing out, to -3 ˚C for the 
3.5cm sample and -4.2 ˚C for the 2cm sample. The 
sample continued to increase in temperature until it 
stabilizes at 2.2˚C. For the 3.5cm sample this 
stabilization took 150 minutes, but only took 15 minutes 
for the 2cm sample.  
 
As the calcium perchlorate absorbs water and 
deliquesces, heat is released, causing the temperature to 
increase until the salt deliquesces completely. During 
this temperature variation, the humidity above the 
sample and humidity buffer decreases and then 
increases, creating a dip, before stabilizing out. During 
this humidity and temperature change, the JSC Mars-1 
became visibly wet around the calcium perchlorate 
fragments (Fig. 3). The humidity above the sample was 
higher than the rest of the chamber, probably because 
the calcium perchlorate was acting like a “pump” for 
water vapor during deliquescence. This caused the 
humidity to be higher above the sample than in the rest 
of the chamber.  
 
The mass of the sample increased over the entire 
experiment, although more rapidly at the beginning of 
the experiment, as the salt absorbed water. After soil 
wetting had occurred the mass increased much more 
slowly. JSC Mars-1 also absorbed water, which 
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accounts for the most increasing even after 
deliquescence had occurred.  
 
 
 
Figure 1: 3.5cm JSC Mars-1, 5 wt% Ca(ClO4)2. Top: 
mass, middle: temperature and bottom: relative 
humidity. 
 
Conclusion: These experiments are heavily dependent 
on relative humidity and temperature of the 
environment. The dark discoloration around the 
perchlorate suggest wetness and therefore that 
deliquescence has occurred. The deliquescence 
occurred during the decrease in humidity and 
temperature spike of the humidity buffer and sample. 
The mass also indicated deliquescence, with the 
increase in mass slowing after wetting had occurred. 
More experiments are being conducted to better observe 
deliquescence occurring at different humidities under Martian 
conditions. Deliquescence at the surface of Mars could 
account for small amounts of transient, metastable 
liquid brines.  Exposing complex subtleties in diffusion, 
adsorption/desorption cycles, and deliquescence 
processes on Mars, specifically the limits to which this 
liquid formation is possible has important implications 
for liquid stability and habitability at equatorial regions 
(MSL), future missions to Mars, and the continuing 
search for liquid water.  
 
 
Figure 2: 2cm JSC Mars-1, 5 wt% Ca(ClO4)2. Top: 
mass, middle: temperature and bottom: relative 
humidity. 
 
 
Figure 3: Left: Image of Ca(ClO4)2 JSC Mars-1 sample 
after 48 hours in the Ares chamber. The thermocouple 
is seen in the far right of the image. The darkened areas 
around the salt is where deliquescence has occurred. 
Right: Zoomed in image of the deliquescence at the 
bottom of the sample. 
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RENEWED ANALYSIS OF BURIED DEEP STRUCTURES IN THE POLAR LAYERED DE-
POSITS OF MARS WITH 3-D SHARAD VOLUMES.  I. B. Smith,1 N. E. Putzig,1 J. W. Holt,2 1Planetary 
Science Institute 1546 Cole Blvd #120, Lakewood, Colorado. 2University of Texas Institute for Geophysics, Austin, 
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Introduction: The north and south polar layered 
deposits (NPLD and SPLD) of Mars contain a record 
of accumulation through time that is expressed in the 
layers that comprise the ice caps. Using newly generated 
three-dimensional (3-D) radar datasets [1], we are able 
to detail several events that played roles in develop-
ment of the PLDs. 
Much of the NPLD’s early history is one of near-
uniform accumulation with some lateral variability [2-
4]. After about half of the NPLD was in place, the spi-
ral troughs developed [5,6], modifying the accumula-
tion pattern from near-uniform to highly localized, 
dependent on position relative to the troughs. Trough 
onset was only one of several major events in NPLD 
history. The development and burial of a large chasma, 
equal in size to Chasma Boreale, predated the troughs 
[7], and several erosional events are preserved in the 
layers [6-8]. A large-scale unconformity associated 
with Gemini Scopuli (Fig. 1) and likely related to mas-
sive erosion from climate forcing is also of interest. 
In the south, we focus on new orientations to view 
the thick CO2 units that reside at high latitudes and are 
buried beneath the south polar residual cap (SPRC) [9]. 
These units behave as glaciers [10] and represent peri-
ods of atmospheric collapse [11]. 
Data and Methods: We interpret two- and three-
dimensional data from the Shallow Radar (SHARAD) 
instrument [12] on Mars Reconnaissance Orbiter. 
Thousands of 2-D (single-orbit) observations were 
processed to create two 3-D volumes of radar data [1]. 
This volumes provide more utility than the 2-D dataset 
because of the geometric corrections applied, reduction 
of clutter, and viewing geometries that are not dictated 
by the ground tracks of the spacecraft [13]. This utility 
makes is possible to demonstrate in one image some-
thing that is impossible to visualize in the 2-D data. 
These and other factors reduce interpretation time by a 
factor >10 and increase confidence in interpretations. 
Findings: We show 3-D profiles from the NPLD in 
Figs. 2a and 2b that exhibit major unconformities and 
the buried chasma (BC) in the north, and the base of 
the CO2 deposit in the south. The buried chasma has 
many similarities to Chasma Boreale (CB, not shown): 
both locations have dipping reflectors that nearly reach 
the basal interface, a portion of the Basal Unit is sepa-
rated from its main lobe at each section (purple 
arrows), a steep cliff exists for both on the main-lobe 
side (orange arrows), and an eroded surface towards 
the interior of the NPLD (dashed red lines). Nerozzi 
and Holt [4] interpreted the eroded basal unit to be the 
initiation surface of both chasmata. 
The major unconformity in Fig. 2b corresponds to 
U2 and U3 from [14]. This is the event that created the 
Gemini Scopula region (Fig. 1), with abundant uncon-
formities, at the margin of the NPLD from ~0° E to 
180° E. The Gemini Scopuli erosion removed signifi-
cant quantities of material from the NPLD. 
For the CO2 deposits of the SPLD (Figs. 2C 2D) 
we are able to observe the base more easily than in 2-D 
and interpret the full structure of the deposit. 
Interpretations: With these 3-D observations we 
confirm the prior interpretations [e.g., 2-4, 10, 14] that 
were done based on 2-D analysis. 
At one point in time, the initial stages of both CB 
and BC would have appeared similar and had similar 
dimensions. Their subsequent accumulation histories 
drove different evolutions. Chasma Boreale persisted 
through many hundreds of meters of accumulation, 
likely widening as it grew taller due to wind scour on 
the main-lobe side (with equator-facing slope). This 
maintained the steep cliff present today. 
The buried chasma, on the other hand, began to fill 
in soon after the red reflector was deposited. This cre-
GS
Figure	 1:	 Topographic	map	 of	 the	 North	 and	 South	
Polar	Layered	Deposits	with	ground	tracks	for	Figure	
2.	GS	is	Gemini	Scopuli,	and	gray	outline	corresponds	
loosely	to	its	boundary	on	the	NPLD.
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ated an accumulation pattern that affects surface 
topography even today (Fig. 2c). At present, two 
topographic lows exist on the surface of the 
NPLD, remnants of  the former deepest section of 
the basal unit erosion. Immediately below, the lay-
ers are conformable to the current surface, leaving 
a U-shaped deposit (immediately above the ‘B’ in 
Fig. 2c). A similar pattern likely would have 
formed had Chasma Boreale also filled in. 
The leading hypothesis for the divergence in 
the history of the two chasmata is that CB was 
ideally situated so that katabatic winds driven by 
the Coriolis Force would funnel into the canyon 
and then outward towards its mouth [14]. The 
same winds would have funneled headward into 
the buried chasma and been hindered when they 
met the saddle region that connects Gemini Lingu-
la [11]. Thus, the icy material or water vapor 
would have only been transported a short distance 
and never away from the NPLD. 
With new observation geometry, the hypothesis 
of SPLD CO2 units as glaciers can better be tested.  
Conclusions: Structures deep within the PLDs 
provide information about events that occurred at 
various stages in development. Significant 
amounts of mapping in 2 dimensions have been 
completed, and  here we use the 3-D data volume 
to revisit and reinterpret those features. With few 
exceptions, 2-D mapping has been very successful 
in describing different chosen features. However, 
there are many deep structures that have not been 
interpreted because of the difficulty to do so with 
the 2-D dataset. 2-D observation geometries and 
clutter hindered potentially important discoveries 
of structures that inform the history of accumula-
tion at both PLDs. We will present these and new 
observations at the conference, including updated 
figures from [15] that provide context for the up-
permost units of the NPLD. 
Additional Information: The 3D dataset is 
available for public use at https://sharad.psi.edu/
3D/. 
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Figure	2:	Radar	images	of	deep	structures	in	the	NPLD.	a)	+	
b)	 Profiles	 from	 3-D	 radar	 [10]	 that	 provide	 evidence	 that	
Chasma	Boreale	(CB)	and	the	buried	Chasma	([6]	BC)	formed	
under	similar	circumstances	and	exhibit	the	same	features.	c)	
SHARAD	 radar	 image	7616_02	 crossing	BC	and	 exhibiting	 a	
major	 unconformity	 (U2	 and	 U3	 from	 [11]).	 d)	 3-D	 radar	
image	 exhibiting	 the	major	 unconformity.	 In	 each	 panel	 the	
dipping	 reflector	 (red	 line),	 erosional	 surface	 (dashed	 red	
line),	 steep	 cliff	 (orange	 arrow),	 discontinuous	 basal	 unit	
material	(purple	arrow),	and	major	erosional	surface	(green	
line	and	black	arrows).
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USING A GCM TO TRACK MARS' SURFACE WATER ICE DEPOSITS OVER > 100 OBLIQUITY CY-
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Introduction:  Observations  of  present-day  Mars
reveal many features that suggest water ice was stable
on the surface for long periods in the past, e.g. exten-
sive glacial deposits in the northern mid-latitudes [1-
3], and fan-shaped deposits on the flanks of the Tharsis
Montes and Alba Patera [4-7]. To form such features,
ice may have been present on the surface for tens or
hundreds  of  millions  of  years  [8].  Increased  water-
equivalent hydrogen (WEH) abundances observed by
the  Mars  Odyssey  neutron  spectrometer  (MONS)  in
the tropics suggest that  remnant ice bodies could re-
main buried in the present day [9-11].
Previous studies have looked at the deposition of
ice  for  different  combinations  of  orbital  parameters
[e.g. 12-15] and have found that ice is deposited in the
tropics and mid-latitudes during periods of high obliq-
uity, sometimes in agreement with observed geological
features. We extend this previous work by investigat-
ing the long-term stability of large-scale surface ice de-
posits over the past 20 million years for both (i) clear
and dusty atmospheres,  and (ii)  a disappearing north
polar ice cap.
Model  description:  The  Mars  global  circulation
model  (GCM) we use  results  from collaboration be-
tween  the  Laboratoire  de  Météorologie  Dynamique
(LMD), the University of Oxford and The Open Uni-
versity [16,17]. Simulations are performed at a resolu-
tion of 7.5° in latitude and longitude for the physical
parameterizations. Water vapor and ice are transported
as mass  mixing ratios,  and we use the microphysics
scheme of [18]. Dust is not transported in the GCM,
but previous work has suggested that Mars at higher
obliquity may be dustier than in the present day [19].
Thus, we consider either clear or dusty atmospheres,
with global visible column dust optical depths of vis =
0.3 or  vis = 3 respectively (at a reference pressure of
610 Pa). For clarity, we note that ice accumulation and
loss rates are given in terms of Mars years, while dis-
cussion of the time before present (expressed in terms
of kyr, Myr, or Mya) is given in terms of Earth years.
We consider the evolution of surface ice over the
past 20 Myr, where a precise solution of Mars' orbital
parameters can be obtained [20]. We perform simula-
tions with an eccentricity of zero, as this gives subli-
mation rates over the NPC which are the average of
those encountered over the range of possible eccentric-
ity and solar longitude of perihelion combinations).
Build-up of surface ice To determine the locations
and rates of surface ice build-up, two sets of simula-
tions  were  performed,  with  each  set  comprising  ten
simulations covering the obliquity range  = 3048° in
steps of 2°. The only difference between the input pa-
rameters of the two sets of simulations is the dust opti-
cal  depth.  Simulations  were  run  for  30  Mars  years,
with data from the last 5 years used to determine an-
nual rates of ice build-up. The simulations have a north
polar cap (NPC) acting as an unlimited source of wa-
ter, covering all longitudes between 82.590°N.
In  the  clear  simulations,  stable  surface  ice  only
forms in the Tharsis region. Ice initially forms by Arsia
Mons at   = 36°,  and as the obliquity increases,  ice
also  forms  near  Olympus  Mons,  Pavonis  Mons  and
Noctis Labyrinthus (Figure 1a-d). In the dusty simula-
tions,  no  stable  surface  ice  forms  around  Olympus
Mons or the Tharsis Montes (Figure 1e-h) as cloud for-
mation above the volcanoes is reduced due to warmer
temperatures. However, stable surface ice deposits ap-
pear in other locations, including Melas Chasma, Noc-
tis  Labyrinthus,  Meridiani  Planum,  Elysium  Planitia
and the dichotomy boundary between Terra Cimmeria
and Terra Sirenum. In general, the locations of stable
surface ice deposits are in agreement with the locations
of increased WEH in the tropics observed by MONS
[9-11], shown by blue shading in Figure 1e-h.
Loss of surface ice To determine the loss of sur-
face  ice,  two  further  sets  of  simulations  were  per-
formed  covering  the  obliquity  range   =  1448°  in
steps of 2°. In these simulations, ice reservoirs were
specified in the locations where ice build-up was found
to occur in Figure 1d (for clear simulations) and Figure
1h  (for  dusty  simulations).  In  the  clear  simulations,
sublimation rates around Tharsis range from ~1 cm yr1
at  = 46° to ~2 cm yr1 at   36°. As the dusty simula-
tions have lower peak  surface  temperatures  than  the
clear simulations, the sublimation rates are correspond-
ingly lower, ranging from ~0.10.2 cm yr1 at   40°
to ~0.51 cm yr1 at   34°.
Evolution of surface ice To calculate how surface
ice at specific locations evolves, we begin 20.7 Mya at
a period of low obliquity for the epoch ( = 27°) and
assume there are no surface ice deposits in the tropics.
We then integrate forwards in time, using the accumu-
lation and loss rates from the simulations, and the vari-
ation of obliquity with time.
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For a clear atmosphere, most stable surface ice de-
posits only exist when   46°, in obliquity cycles cen-
tered around 5.6, 8.1, 9.1, 14.8, 17.2 and 19.6 Mya. Ice
depths  are  relatively  low,  ranging  from  50100  m.
However, in two locations (labelled with an asterisk in
Figure  1d)  stable  surface  ice  deposits  can  exist
throughout multiple obliquity cycles,  with ice depths
near Olympus Mons being kilometres thick (due to ex-
tensive cloud formation and deposition of ice).
In a dusty atmosphere with colder surface tempera-
tures,  surface  ice  can  remain  stable  over  multiple
obliquity cycles in more locations than in a clear at-
mosphere. In certain locations (labelled with an aster-
isk in Figure 1h) ice exists continuously from 20 Mya
up to ~4 Mya when the shift to lower mean obliquities
occurred. All integrated results predict no stable tropi-
cal ice in the present day.
These results assume that there is always a source
of water at the north pole. However, if the volume of
polar ice is limited to 1.7 Mkm3, which is comparable
to the volume of the NPC in the present day [19] then
the  ice  deposits  in  the  dusty  simulations  no  longer
build up to kilometre-thick depths, and hence are no
longer  stable  for  multiple  obliquity  cycles.  (Ice  de-
posits in a clear atmosphere are unchanged.)
Conclusions For  a  clear
atmosphere, stable surface ice
deposits  only  form  in  the
Tharsis region, and are gener-
ally  thin,  apart  from  near
Olympus  Mons  and  Arsia
Mons where they can be kilo-
metres thick due to increased
cloud formation.  Surface  ice
deposits  are  much  more  ex-
tensive and stable in a dusty
atmosphere, and can exist for
millions of years over multi-
ple obliquity cycles when as-
suming  an  unlimited  source
of  water  in  the  NPC.  How-
ever,  if  the  volume  of  the
NPC is limited to present-day
values, the lateral extent and
thickness  of  stable  ice  de-
posits  in  the  tropics  is  dra-
matically reduced,  no longer
agreeing with the present-day
WEH distribution.
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66-89. [20] Laskar, J. et al. (2004) Icarus, 170, 343–
364. Zuber, M.T. et al. (1998) Science, 282, 2053.
Additional Information: This work was funded by
the  UK  Science  and  Technology  Facilities  Council,
grant number ST/L000776/1.
Figure 1 Ice accumulation rate at various obliquities from simulations with clear
(a-d) and dusty (e-h) atmospheres. Grey contours show topography. Blue shading 
shows regions of locally high water-equivalent hydrogen detected by MONS.
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Science Motivation:  
The Mars Exploration Program Analysis Group 
(MEPAG [1]) and other NASA committees (e.g., the 
Next Orbiter Science Analysis Group [NEX-SAG; 2]) 
have cited high-priority science knowledge gaps re-
lated to understanding the current Martian climate and 
weather.   Understanding weather and climate drivers, 
general behavior, stability and history could be im-
proved through a combination of high-TRL existing 
instruments, flown together on a focused mission or as 
part of a larger mission architecture.  The information 
gained would provide insight into past climate and be 
useful for future robotic and human exploration needs 
as well.   
Fortunately, Mars research has benefitted from 
several orbiting spacecraft that have characterized the 
Martian atmosphere fairly well in terms of tempera-
ture, pressure, dust and ice aerosols, and column wa-
ter vapor amount.  Additionally, the ExoMars Trace 
Gas Orbiter will measure profiles of the abundance of 
many key trace gases, and MAVEN is studying the 
upper atmosphere and its interaction with the space 
environment.   
However, water vapor and wind vertical profiles 
are very limited, and existing temperature retrievals 
can be hindered by large amounts of aerosols [3].  
Water vapor vertical distributions are important for 
understanding water cycling between ice and sub-
surface reservoirs.  Further, water vapor profiles along 
with simultaneous temperature profiles, even in the 
presence of dust and ice, are critical to understand 
cloud formation which has a surprisingly large radia-
tive impact on the atmosphere[4].  Winds are almost  
completely unmeasured, yet are critical for under-
standing fundamental Martian processes driving the 
dust and water cycles.  In addition, winds are desired 
for safe landing of robotic and human spacecraft.  In 
lieu of actual measurements, global circulation model 
output is often used to aid in spacecraft and mission 
design, but the models are largely unvalidated against 
winds. Finally, measurements of T, aerosol and water 
vapor are needed simultaneously with wind measure-
ments, to fully understand the impact of thermal forc-
ing on wind, and the consequences for transport, as 
presented in A finding of the NEX-SAG: “Observa-
tion of wind velocity is the single most valuable new 
measurement that can be made to advance knowledge 
of atmospheric dynamic processes. Near-simultaneous 
observations of atmospheric wind velocities, tempera-
tures, aerosols, and water vapor with global coverage 
are required to properly understand the complex in-
teractions that define the current climate.”   
In order to obtain these measurements, we propose 
a Mars Climate Mission concept, that would include 
at a minimum three instruments:  a sub-mm sounder, a 
thermal infrared profiler, and a wide-angle camera. 
 
Instrumentation Concept:  
A passive sub-mm limb sounding instrument is 
ideally suited to provide the needed wind, water va-
por, and temperature profile measurements.  The 
technique has high heritage in Earth-science, and 
dramatic advances in associated technology in the 
past decade (driven in part by the communications 
industry) enable significant reductions in needed 
power, mass and complexity.  Such an instrument can 
make measurements both day and night, and in the 
presence of atmospheric dust loading, measuring be-
tween 0–80 km, at ~5 km vertical resolution[5].  To 
measure the vertical distribution of dust and water-ice 
aerosols in the atmosphere, a thermal IR profiler simi-
lar to the MCS aboard MRO [6] would be ideal and 
would also provide additional temperature and water 
vapor measurements to those from the sub-mm in-
strument, meausured over a similar altitude range with 
comparable vertical resolution, both day and night.  
Finally, a wide-angle camera similar to MARCI [7] 
would facilitate placement of the other measurements 
into the big picture of weather patterns seen via global 
maps.  Such a payload would likely be in the 40 kg 
and $55M range and high TRL.  An enhancement 
would be to add a Doppler lidar for higher vertical 
resolution wind information. 
 
Mission Concept: 
This instrument payload could fly on a chemical 
or solar-electric propulsion system or could be a sub-
set of a larger payload.  Ideally it would orbit Mars 
for at least 1 Mars year.  A solar electric propulsion 
option would allow the orbit to be changed to one that 
precesses such that multiple local times are sampled 
over the course of several 10s of sols. 
References: [1]  MEPAG goals document at 
http://mepag.nasa.gov/reports.cfm. [2] MEPAG NEX-
SAG Report (2015; 
http://mepag.nasa.gov/reports.cfm); [3] D. Kass, pers. 
comm., 2017; [4] Madeleine et al., 2012.  [5]  Read et 
al., (2018), in revision with Plan. and Sp. Sci.; [6] 
McCleese et al. (2007); [7] Bell et al. (2009). 
(c) 2018 Jet Propulsion Laboratory, California Institute of Technology. Gov-
ernment sponsorship acknowledged. 	The cost information contained in this 
document is of a budgetary and planning nature and is intended for informa-
tional purposes only. It does not constitute a commitment on the part of JPL 
and/or Caltech.  Predecisional information, for planning and discussion only.  
4027.pdfMars Workshop on Amazonian Climate 2018 (LPI Contrib. No. 2086)
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Introduction:  Over the last two decades, our un-
derstanding of Mars has changed. Missions such as 
Mars Global Surveyor (MGS), Mars 2001 Odyssey 
(M01), Mars Express (MEx) and Mars Reconnaissance 
Orbiter (MRO) have shown modern Mars to have an 
active and dynamic surface, dominated by surface-
atmosphere interactions. The Phoenix lander has pro-
vided ground truth for the presence of extensive sub-
surface deposits of water ice at high latitudes [1]; how-
ever, no other landed mission has probed the Martian 
high latitudes and polar regions. 
This abstract focuses on polar processes and de-
scribes a set of investigations that are crucial to fully 
illuminate the exchange of volatiles between the sur-
face and the atmosphere.  
The Mars Polar Night: Much of Mars polar pro-
cesses occur during dark periods (seasonal and diur-
nal). The majority of the seasonal polar cap forms in 
darkness through direct condensation and snowfall. 
Thermal instruments, such as MGS Thermal Emission 
Spectrometer (TES), M01 Thermal Emission Imaging 
System (THEMIS), and MRO Mars Climate Sounder 
(MCS), observed surface temperatures and spectral 
features, which enabled values for CO2 ice grain size 
and H2O ice and dust contamination to be constrained. 
Although some surface compositional data have been 
gleaned from visible, near infrared, and short-wave 
infrared imaging and spectroscopy, these instruments 
measure reflected solar light and are accordingly inef-
fective during periods of darkness. MGS Mars Observ-
er Laser Altimeter (MOLA) was the only instrument to 
view the polar cap in the polar night at 1-µm. The pri-
mary mission was to map elevation, not measure the 
reflectance of the polar ice. Most of the polar night 
reflectance data were therefore saturated.  
The annual mass exchange of polar ice from one 
pole to the other is sufficient to affect the gravity field 
of Mars. These shifts in the gravity field, when com-
bined with MOLA altimetry, are useful to constrain the 
seasonal cap bulk density, but not local variations re-
lated to accumulation modes or temporal changes in 
density, porosity and grain size [2-4]. Additionally, 
neutron and gamma-ray observations provide another 
method to determine the cap mass and distribution of 
CO2 on broad spatial scales (of a few hundred square 
kilometers) [5].  
Composition, Density, & Condensation Modes: 
The CO2 ice that forms in the polar night is mostly CO2 
ice with small amounts of dust and H2O. It is possible 
that a layer of H2O ice exists as a bottom layer, because 
the surface will reach the freezing temperature of H2O 
before it reaches that of CO2. The seasonal CO2 may 
also have density gradient because the two accumula-
tion modes, direct condensation and snowfall, are su-
perimposed. Additionally, sintering may cause surface 
ice-grain sizes to increase [6] on time scales of five-to-
eight sols [7, 8]. 
 
Table 1: Suggested instrument suite with examples of 
previous instruments that were similar. 
Suggested  
Instrumentation 
Wave
length 
Science  
Focus 
Legacy 
Examples 
Imaging LiDAR  
(with Tunable 
LASER) 
~1.2-
1.6 
µm 
Volatile 
Composition 
and grain 
size;Altitude 
of ice parti-
cles 
MOLA 
Interferometric 
synthetic  
aperture radar 
~1-10 
cm 
Monitor Ice 
Depth 
Magellan 
Thermal Neutron 
Imager 
Ther-
mal 
Neu-
trons 
Monitor 
Column 
Abundance 
MONS 
Thermal  
Emission Imager 
6-100 
µm  
Monitor 
energy 
balance 
TES, 
THEMIS, 
MCS 
 
CO2 Accumulation Modes: What is the nature of 
CO2 deposition (e.g., snow or direct frosting, continu-
ous or sporadic) in space and time? 
Investigation: Measure and monitor clouds in the 
polar night, ground fogs, and CO2 precipitation (snow). 
Investigation: Measure and monitor surface ice 
composition and grain size. 
CO2 Ice Density: What are the densities, column 
abundances and areal coverage of the CO2 ice compos-
ing the seasonal and residual polar caps? 
Investigation: Measure the spatial and temporal 
evolution (thickness) of the seasonal polar caps with 
centimeter-scale vertical resolution, sampled at approx-
imately every 10º of Ls. 
Investigation: Measure the column mass abundance 
of the CO2 ice in the seasonal polar caps with accuracy 
of 50 kg/m2 sampled at approximately every 10º of Ls. 
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Non-Polar Ice: Over the last decade, H2O and CO2 
ices have been discovered at mid-to-low latitudes. 
Some of this ice is diurnal in nature, condensing at 
night and subliming in the early morning. Other depos-
its appear to be at least semi-permanent where the ice 
is located in permanently shadowed regions (PSR).  
Investigation: Determine condensation mode, com-
position, and amount of ice that forms during the night. 
Investigation: Determine the composition and 
amount of ice that exists in PSRs. 
Mission Concept: We suggest four types of in-
struments for this mission concept. 
Tunable Laser Imaging LiDAR system: The key in-
strument to these investigations, which has yet to fly to 
Mars, is a tunable-laser imaging LIDAR system that is 
sensitive to (and can differentiate between) CO2 and 
H2O ice [9]. This instrument could determine accumu-
lation modes and monitor changes in compositions and 
grain sizes of surface ices within the polar night. This 
instrument could also monitor changes in ice thickness. 
Radar: Interferometric synthetic-aperture radar 
could also monitor seasonal ice thickness and possible 
changes in ice properties. Wavelength and bandwidth 
parameters will be engineered to measure changes of a 
few centimeters.  
Thermal Neutron Imager: A thermal neutron imag-
ing system could directly monitor the changing CO2 ice 
column abundances (kg/m2).  
Thermal Emission Array: A thermal emission spec-
trometer or bolometer could indirectly derive CO2 ice 
column abundance and grain sizes.  
Final Thought: The key to further understanding 
Mars polar processes is to peel back the veil of dark-
ness from the polar night! 
 
References: [1] M.T. Mellon, et al., (2009) JGR, 
114, E00E07 [2] Aharonson et al. (2004) JGR, 109, 
E05004. [3] Smith et al. (2001) Sci., 294, 2141-2146. 
[4] Smith et al., (2009), JGR, 114, E05002. [5] Pretty-
man et al. (2009) JGR. 114, E08005. [6] Eluszkiewicz, 
(1993) Icarus, 103, 43-48. [7] Cornwall & Titus 
(2009) JGR, 114, E02003. [8] Cornwall & Titus 
(2010) JGR, 115, E06011. [9] Brown et al. (2015) 
JQSRT, 153, 131-143. 10.1016/j.jqsrt.2014.10.021
 
Table 2: Science Traceability Matrix. 
Science Questions Investigation Measure-
ment(s) 
Possible  
Instruments 
MEPAG 
Goal(s) 
What fraction of seasonal 
CO2 ice deposits are from 
snow vs direct deposition? 
Determine surface ice grain 
size and composition. 
Composition; 
Grain size 
Imaging  
LiDAR 
IIA4 
What altitude does the CO2 
snow form? 
Determine altitude of snow 
formation. 
Altitude Imaging  
LiDAR 
IIA1; 
IIA4 
What is the role of H2O ice 
in CO2 condensation? 
Determine when, where, and 
how H2O ice is incorporated 
into the seasonal cap. 
Composition; 
Grain size 
Imaging  
LiDAR 
IIA1; 
IIA4 
IIIA1 
What is the role of dust in 
CO2 condensation? 
Determine when, where, and 
how dust is incorporated into 
the seasonal cap. 
Composition; 
Grain size 
Imaging  
LiDAR 
IIA1; 
IIA4 
IIIA1 
What happens to the 
snow/ice deposits after they 
are deposited on the sur-
face? 
Monitor surface ice changes in 
composition and grain size. 
Monitor changes in local ice 
density. 
Composition; 
Grain size; 
Ice Depth; 
Ice Column 
Abundance 
Imaging  
LiDAR;  
InSAR; 
Thermal Neutron  
Imager 
IIIA1 
What is the net effect of 
basal sublimation of sea-
sonal CO2? 
Measure the heat budget and 
compare to ice column abun-
dance. 
Thermal 
Emission; 
Ice Column 
Abundance 
Thermal Emis-
sion Imager; 
Thermal Neutron 
Imager 
IIIA1 
What is the extent and 
composition of diurnal ice 
deposition? 
Determine condensation mode, 
composition, and amount of 
ice that forms during the night. 
Composition; 
Grain size 
Imaging LiDAR IIA1; 
IIA4 
IVB3 
What is the extent & com-
position of ice deposits in 
PSRs? 
Determine the composition 
and amount of ice that exists in 
PSRs. 
Composition; 
Grain size 
Imaging LiDAR IB1;IIA
4; IIB3 
IVB3 
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Introduction: Boulder halos are enigmatic features 
composed of boulder clasts distributed in circular or 
concentric patterns on a relatively smooth topographic 
surrounding (Fig.1). These features have been docu-
mented extensively across the middle to high latitudes 
of Mars, with greatest abundance in the northern hemi-
sphere between ~0-180° E [1-3].  
It has been suggested that these features form by the 
excavation of boulders from substrate beneath an ice-
rich layer [1](Fig. 2). Their presence suggests that the 
lifetime of boulder ejecta outlives the removal of crater 
topography, as boulder clasts may float at the surface 
during crater infill by ice-rich soils [4]. 
Numerous studies demonstrate the capacity for radar 
sounders to provide information on Mars’ subsurface 
composition and structure [e.g., 5-9]. Reflectivity maps 
have been produced; indicating global surface echo 
power [10,11]. Due to the presumed presence of ice nec-
essary for their formation, lower reflectivity may be ex-
pected for boulder halo sites. This expectation is not 
conclusively supported by raw reflectivity values ac-
quired from Shallow Radar (SHARAD), onboard 
NASA’s Mars Reconnaissance Orbiter (MRO) [1].  
Hemispheric variations in reported reflectivity for 
boulder halo sites may be the result of surface processes 
affecting the preservation of boulder halos, or changes 
in the spatial extent of an ice-rich layer once necessary 
for their formation. We apply a more robust method of 
determining subsurface properties by extracting coher-
ent and incoherent powers from the received energy. 
Regions of varied boulder halo density are expected to 
have distinct coherent and incoherent powers due to var-
iations in the extent of an ice-rich soil layer, with greater 
coherent power likely in regions of higher density. 
 
Objectives: This study focuses on Mars’ northern 
hemisphere due to the higher spatial distribution and re-
gional variability of boulder halos. Included are the high 
boulder halo density region between Utopia Planitia and 
Vastitas Borealis from ~55-70ºN and ~140-170ºE, 
along with the intermediate density region between  
~55-70ºN and ~60-90ºE, and the low-density region be-
tween ~55-70ºN and ~220-250ºE (Fig. 3).  
Subsurface composition and structure are assessed 
using the statistical behavior of along-track and region-
ally-combined surface return amplitudes. This provides 
additional information not available from surface reflec-
tivity alone [11,12]. 
 
Figure 1. Portions of HiRISE image ESP_035151_2455. 
Red line indicates SHARAD ground track s_04391401 cross-
ing a prominent boulder halo in the northern plains. 
 
 
Figure 2. From [1, Fig. 2]. Illustration of boulder halo for-
mation hypothesis. Impacts into dry regolith and ice-rich 
soil/mantle do not produce boulder halos (A and B, respec-
tively), while impacts through the ice-rich soil/mantle eject 
material from boulder-generating substrate (C). Crater infill 
by ice-rich materials may take place subsequently, leaving 
behind boulder halos.  
 
 
Figure 3. Analyzed SHARAD tracks (red) extracted from the 
available dataset (tan), along with HiRISE imagery investi-
gated by [1] for boulder halos. White dots represent images 
with boulder halos, while black dots represent those without 
boulder halos.   
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Methods: A structured query language (SQL) data-
base is established to select from SHARAD tracks 
within the regions of study, and for which the solar zen-
ith angle is at least 100º (Fig. 3). Limiting to night-side 
observations avoids any adverse impacts on the surface 
return caused by crossing the ionosphere [13,14]. 
Surface reflectivity is extracted from SHARAD 
tracks using an indicator ct = Pt x dPt-1/dt, where P is the 
signal energy at time frame (t) (Fig. 4)[11]. An algo-
rithm, developed to discriminate between the determin-
istic and non-deterministic structure of the surface and 
near-subsurface from the surface echo power, is then ap-
plied [11]. This determines the coherent and incoherent 
powers collectively making up the surface return, by a 
least-squares fitting process. Root mean square (RMS) 
roughness can then be obtained by the ratio of the co-
herent power, Pc, to the incoherent power, Pn. 
 
Discussion: Greater geometric heterogeneity is in-
dicated by the ratio Pc/Pn for the high and low boulder 
halo density regions. Preliminary qualitative analysis of 
Mars Orbiter Laser Altimeter (MOLA) roughness indi-
cates that this may be caused by volume scattering ra-
ther than surface roughness. 
Regional comparison of coherent and incoherent 
powers does not establish any clear correlation with the 
locations of boulder halos, as extracted powers are sim-
ilar between regions. This may indicate that the geologic 
settings related to boulder halos exist only at local 
scales. Alternately, the conditions required for the for-
mation of these features may not have been preserved.  
 
Table 1. Regionally-combined extracted powers.  
 
 
 
Figure 4. Surface reflectivity extracted from SHARAD tracks 
for the three regions of study. 
 
Figure 5. Along-track measure of RMS roughness obtained by 
the ratio Pc/Pn. 
 
Future Work: This investigation will be continued 
by performing similar methods using raw SHARAD ex-
perimental data records (EDR) available on the Plane-
tary Data System (PDS). Use of these records will en-
sure data is free from ground-based post-processing, 
such as Doppler focusing, which may impact the inter-
pretation of surface return amplitudes. Successful sur-
face detection will require pulse compression by 
matched filtering.  
With this complementary dataset, we will seek to 
confirm whether the greater geometric heterogeneity in-
dicated for the high and low-density regions is caused 
by surface roughness or volume scattering. SHARAD 
tracks in proximity to imagery indicating the presence 
of boulder halos will also be analyzed at finer, local-
scales, to determine whether the geologic conditions re-
lated to boulder halos exist only at such scales and are 
not characteristic of regional conditions. 
 
References: [1] Levy J. S. et al. (2017) JGR, 123. 
[2] Barata T. et al. (2012) PSS, 72, 62-69. [3] Rader L. 
X. et al. (2017) LPS XLVIII, Abstract #1294. [4] Orloff 
T. et al. (2011) JGR, 116, E11006. [5] Holt J. W. et al. 
(2008) Science, 322, 1235-1238. [6] Grima C. et al. 
(2009) GRL, 36, L03203. [7] Parsons R. and Holt J. W. 
(2016) JGR, 121, 432-453. [8] Putzig N. E. et al. (2009) 
Icarus, 204, 443-457. [9] Bramson A. M. et al. (2015) 
GRL, 42, 6566–6574. [10] Mouginot J. et al. (2010) Ic-
arus, 210, 612-625. [11] Grima, C. et al. (2012) Icarus, 
220, 84-99. [12] Grima, C. et al. (2014) PSS, 103, 191-
204. [13] Mouginot, J. et al. (2008) PSS, 56, 917-926. 
[14] Campbell, B. A. et al. (2014) IEEE, 11, 632-635. 
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Introduction:  
The Polar Layered Deposits on Mars are widely 
believed to harbor a record of past climatic oscillations 
driven by orbital elements variations [1, 2]. However, 
establishing a mechanistic link between climate 
variations and the observed stratigraphy has proven 
elusive. The isotopic ratios in terrestrial ice cores 
preserve a proxy record of past temperature [3]. Vos et 
al. [4]  developed a model that attempts such a link by 
accounting for the three primary reservoirs seen today: 
the North Polar Layered Deposits (NPLD), mid-latitude 
subsurface deposits (SSD), and near-equatorial glacial 
deposits (GD). Tracking the fluxes exchanged among 
these reservoirs enables quantitative estimates of their 
development and reveals the dynamics of the isotopic 
record predicted to exist in the stratigraphy. Here we 
examine the sensitivity to assumed parameters in this 
model.  
 
 
Model:  
The principles of the model which tracks the transfer 
of H2O and HDO among the relevant reservoirs and 
calculates the resulting abundances is summarized in 
Vos et al. [4].   
The HDO deposition flux of the growing reservoirs 
is apportioned according their relative fluxes and 
temperature-dependent kinetic fractionation factor [5]. 
At least two simultaneous sinks are required to cause 
D/H fractionation differences among ice reservoirs. 
Here, we examine the sensitivity of the results to 
parameters in the model. These include diffusion 
parameters of sublimation lags, polar ice dust fraction, 
and SSD reservoir thickness. Ice loss from the SSD is 
dominated by the latitudinal margin, whereas the 
contribution from changes in ice table depth at higher 
latitudes is comparatively small [6]. Our simplified 
model assumes a constant thickness for the SSD. 
The diffusion barrier of the sublimation lag is 
parameterized in our model by 𝑧"	, which acts to reduce 
the sublimation flux 𝐽 from its full value 𝐽" as the lag 
grows: 𝐽 = &&'(/(* 𝐽" ,  (1) 
where z is the dust layer thickness above the ice. This 
reduces the flux from a value of 𝐽" for exposed ice (z=0) 
to 𝐽"/2 at z=z0, and to 0 as z grows very large. 
 
Results:  
We investigate the influence of the assumed 
parameters on properties of the polar cap, observable 
today or by future missions. 
Lag diffusion parameters and dust fraction affect the 
model similarly. Both alter the net cap growth rate, but 
do not strongly influence its isotopic composition. 
Greater dust fraction and smaller value of 𝑧"	both inhibit 
diffusive loss and thus enhance cap growth (Figure 1).  
At low dust contents, the models converge. At small 
values of 𝑧", even a thin sublimation lag reduces the flux 
substantially, and hence the cap grows to a height 
greater than that observed. The cap growth is also 
reflected in predicted ice layer thicknesses (not in 
additional layers). 
 
 
Figure 1: Polar cap height as function of Dust fraction and 
Diffusion parameters. 
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We find that the D/H variation of the layers depends 
on the assumed SSD thickness at values of a few meters 
or smaller (Figure 2). The dependency is weaker when 
the SSD grows thicker. The results may be understood 
as the typical polar water flux predicted by GCMs 
(~10’s pr µm/year) is equivalent in magnitude to 
latitudinal oscillations in the SSD when its thickness of 
~3 m. At smaller thicknesses the SSD directly 
exchanges with the polar cap and hence affects the polar 
D/H record. At larger thicknesses, the greater flux is 
accommodated in the model by the third, non-polar 
reservoir, and the polar isotopic record shows little 
sensitivity to further raising the flux (Figure 3). 
 
References:  
[1] Laskar, J., et al. (2002) Nature, 419(6905), 375-377. 
[2] Byrne, S. (2009) Ann. Rev. Earth Planet. Sci., 
37535-560. [3] Alley, R.B. (2014) The Two-Mile Time 
Machine: Ice Cores, Abrupt Climate Change, and our 
Future.: Princeton University Press. [4] Vos, E. et. al., 
(2018) LPSC abstract #1414. [5] Merlivat, L. and G. 
Nief (1967) Tellus, 19(1), 122. [6] Schorghofer, N. & 
Forget, F. (2012) Icarus 220, 1112. 
 
 
 
 
 
 
Figure 3: Amplitude of D/H variation increases with 
assumed SSD thickness. 
 
Figure 2: Vertical profile of the polar cap with 0.7% dust fraction and z" = 0.5 m. Left: 1m SSD. Middle: 4m SSD. 
Right: 7m SSD. The fluctuations of the D/H ratio of the polar cap reflect the size of the SSD reservoir with which it 
exchanges. SMMW = Standard Mean Mars Water. 
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Introduction: Alcoves on dune slopes have been 
observed to form in the present day environment within 
the North Polar Region (NPR) of Mars [1-4]. Based on 
the appearance of new alcoves only during the frosted 
portions of the year, their formation mechanism has 
been hypothesized to be related to the early deposition 
of seasonal CO2 frost in the northern fall/ winter [4,5].  
Recently, alcoves have been observed on dune 
slopes in the martian Mid Latitude Region (MLR 30°-
65°N) that appear analogous to those in the NPR [6]. 
Similarities in MLR and NPR alcove morphology and 
timing of formation suggest that seasonal frost may 
also be involved in the formation of the MLR alcoves. 
To test this alcove formation mechanism hypothesis, a 
preliminary search for visual evidence of seasonal frost 
was conducted in Lyot crater as it contains the largest 
and most active dune field (F3) in the MLR. This pre-
liminary search produced 0 results of “frost positive” 
images in HiRISE, CTX, and MOC datasets suggesting 
a potential discontinuity between alcove observations 
and their hypothesized formation mechanism. However 
it is also possible that the imagery available is insuffi-
cient for this test and continued work will consider 
further MLR sites and additional datasets.  
 
Framework: Seasonal frost has been seen at the 
Viking 2 landing site (47.6N, 134.3E) which is roughly 
in the middle of the MLR [7]. Vincendon et al. 2010 
has identified patches of seasonal frost as low as 32°N 
and there is little geomorphic evidence to suggest sea-
sonal frost between 30°N and the equator [8,9]. This 
implies that our study sites within the MLR are con-
sistent with the bounds of seasonal frost deposition.  
This study aims to assess the current level of avail-
able data for frost observations in Lyot crater. Under-
standing the difference in data availability and an ab-
sence of frost detection will provide a suitable position 
to address the issue of theoretical and observational 
discontinuity.  
Study Sites: In order to understand if seasonal frost 
is likely to be forming in Lyot crater (50.3N, 28.9E, 
elev. -7km), we compare it to a control site. F9, a dune 
field located inside an unnamed crater (64.5N, 315.9E, 
elev. -6km) provide us with a control against which to 
measure Lyot’s potential frost formation. F9 also con-
tains alcoves which appear analogous to those ob-
served in Lyot and the NPR. In addition to these two 
study sites, several other dune fields exist in the MLR 
and future studies will look to incorporate them. Fig. 1 
shows the geospatial distribution of the study sites 
within the MLR and Fig. 2 shows a comparison of field 
morphologies.  
Observational Frost Search: High resolution imag-
es from MRO’s HiRISE camera have been inspected 
for visible evidence of seasonal frost. This evidence 
can include frost deposition on the surface or other 
frost related features such as dark regolith flows,  fret-
ted/ chaotic terrain, and various ground patterns [10,9].  
 
Observational Frost Search Results: F9 Observa-
tions for this search ranged from Ls 2-63 and 356 dur-
ing MY 29 & 31-34, and Ls 10-354 for Lyot crater 
over MY 28-34.  
Search results at F9 yielded a series of images 
showing dune spots and dark regolith flows occurring 
between Ls 2-10 in MY 32. These features, as previ-
ously mentioned, are known to occur from seasonal 
frost sublimation exposing dark regolith on the frosted 
surface. This activity is depicted in Fig. 3.  
Conversely no evidence for seasonal frost process-
es, such as visible frost, dark flow features like those in 
F9 or other frost related structures have been seen in-
side Lyot crater.  
 
Discussion:  The initial results of the observational 
frost search for F9 and Lyot crater appear to be con-
sistent with contemporary knowledge of seasonal frost 
patterns. F9 yielded a frost positive image for a higher 
latitude while the data for Lyot crater did not produce 
any definitive frost positive images resulting in two 
possible conclusions.  
First, Lyot crater does not possess the level of high 
resolution visual image coverage needed to confirm 
frost formation. It should be noted that the geospatial 
coverage of HiRISE images in Lyot crater is incom-
plete with ~15% of the crater containing at least 1 im-
age and roughly half of that coverage for 2+ images 
capable of documenting seasonal changes.  
Second, no seasonal CO2 frost is present in Lyot 
crater. This conclusion appears consistent with Dick-
son et al. 2009 which determined the microenviron-
ment created by Lyot’s low elevation and high surface 
temperatures was more conducive to melting ice in-
stead of forming frost [11]. However, other types of 
frost such as diurnal CO2 frost or seasonal H2O frost, 
may still be present. 
The presence or lack of seasonal CO2 frost in Lyot 
crater cannot be confirmed without further investiga-
tion. However, the outcome of this work will further 
constrain ongoing alcove formation models and con-
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tribute towards our understanding of the present-day 
geomorphic surface alteration of Mars.  
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Figure 1: This partial globe view of Mars, overlaid 
with MOLA colorized elevation, shows the geospatial 
distribution of study sites F9 and Lyot crater within the 
bounds of the MLR.  
 
 
Figure 3: Dark regolith ejecta spewing onto a frosted 
dune in F9 indicates seasonal CO2 sublimation. Image 
ESP_033141_2450 taken at Ls 10.5 during Mars Year 
32.    
 
 
 
Figure 2: Similarities in dune morphologies and al-
cove activity between F3 in Lyot crater (A: 50.3ºN, 
28.9ºE) and F9 (B: 64.5ºN, 315.9ºE) allow for season-
al CO2 frost comparison. Color/ textural differences in 
A stem from exposure of interdunal bedrock, not frost.  
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Introduction: The presence of observational plat-
forms both in orbit and on the surface of Mars today 
provides a unique opportunity to simultaneously study 
the effects of thermal tides at the surface, above that 
surface location and in the atmosphere, leading to a 
comprehensive understanding of thermal tides. 
The focus of this work is examining how to com-
bine the various zonal harmonics within a temporal 
harmonic in order to best match the atmospheric view 
to the surficial. In order to achieve a baseline under-
standing of thermal tidal behavior a complimentary 
pair of observations is necessary. For this purpose, the 
equatorial and relatively topographically flat landing 
site of the Viking 1 (VIK1) lander, along with its 
lengthy record of surface pressures, is the candidate 
surface dataset. There are no concurrent atmospheric 
observational data, so atmospheric profiles were ob-
tained from the Mars Climate Database to ensure max-
imum coverage in space and time. 
 
Thermal tides: Thermal tides are global-scale os-
cillations in atmospheric properties (density, pressure, 
temperature, winds) whose periods are integer fractions 
of the Martian day, or sol [1]. They are a particularly 
significant aspect of the climate system due to the low 
thermal inertia of the atmosphere, which causes strong 
day-night temperature variations [2], that become 
thermal tides. Two of most familiar effects of thermal 
tides are regular daily variations in surface pressure 
with local solar time [3], and oscillations with altitude 
in vertical temperature profiles (Fig. 1) [4]. 
 
 
  
Fig. 1: (left) Surface pressure as a function of time 
of day (LTST) as measured by the REMS pressure sen-
sor on three different sols. (right) MCS atmospheric 
temperature profiles as a function of pressure from 
March 2013 around 03 and 15 LST above the MSL 
landing site. 
 
The amplitude of a tidal oscillation can be ex-
pressed as a Fourier series of one or two dimensions, 
depending on the observational perspective. From the 
surface, we only have one variable, namely Local Solar 
Time (LST):       
A(t)    = ∑n    An  cos(n Ω tLST  - n)  
From orbit, there are two variables, LST and longitude: 
      A(t,λ) = ∑n,s An,s  cos(n Ω tLST  + (s-n) λ - n,s)  
where An(,s) is the amplitude, n(,s) is phase, Ω is the 
rotational frequency of Mars, tLST is local time, and λ is 
longitude. n is the temporal harmonic, where diurnal 
waves have n=1, semidiurnal have n=2 and so forth. s 
is the zonal wavenumber and tides with |s|=1 have 1 
cycle per 360° of longitude, |s| = 2 have 2 cycles, and 
so forth. Migrating tides have n=s and non-migrating 
tides have n≠s.  
 
Objective: To compare, contrast and investigate 
the connections between thermal tides in the surface 
and orbital view, we focus on calculating the ampli-
tudes (A) and phases () of the tidal modes using Fou-
rier transformations.  
From daily surface pressures, we can get A and  
only for the temporal harmonic modes, e.g. diurnal. 
However, a diurnal signature at the surface can be 
composed of many different zonal harmonics.  
Atmospheric temperature and pressure profiles are 
2-dimensional in time and longitude for each altitude, 
solar longitude and latitude. The resulting A and  are 
extrapolated to the surface and used to recreate the one 
dimensional surface signature of each zonal harmonic. 
This is compared to the temporal harmonic mode from 
the surface view to distinguish between the various  
zonal harmonics contributing to the one temporal har-
monic. 
We will present current results regarding amplitude 
and phase as seen from the Mars Climate Database 
(MCD) and the VIK1 landing site, and their depend-
ence on season and altitude.  
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